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Introduction 


The diploma programme (DP) chemistry course is aimed at students in the 16 
to 19 age group. The curriculum seeks to develop a conceptual understanding 
of the nature of science, working knowledge of fundamental principles of 
chemistry and practical skills that can be applied in familiar and unfamiliar 
contexts. As with all the components of the DP, this course fosters the IB learner 
profile attributes (see page viii) in the members of the school community. 


Nature of science 


Nature of science (NOS) is concerned with methods, 
purposes and outcomes that are specific to science. 
NOS is a central theme that is present across the 

entire course. You will find suggested NOS features 
throughout the book and are encouraged to come up 
with further examples of your own as you work through 
the programme. 


NOS can be organized into the followingeleven 
aspects: 


Observations and experiments 
Sometimes the observationsin experiments are 
unexpected and lead to serendipitous results. 


Measurements 

Measurements-can be qualitative or quantitative, 
but all data are proneto error. It is important to 
know the limitations of your data. 


Evidence 

Scientists learn to be sceptical about their 
observations and they require their knowledge to 
be fully supported by evidence. 


Patterns and trends 

Recognition of a pattern or trend forms an 
important partof the Scientist's work whatever the 
sciences 


Hypotheses 

Patterns lead to a possible explanation. The 
hypothesis is this provisional view and it requires 
further verification. 


Falsification 

Hypotheses can be proved false using other 
evidence, but they cannotibe proved to be 
definitely true. This has led to paradigm shifts in 
science throughout history. 


Models 

Scientists construct models as simplified 
explanations of their observations. Models often 
contain assumptions or unrealistic simplifications, 
but theraim of science is to increase the complexity 
of the model, and to reduce its limitations. 


Theories 

A theory is a broad explanation that takes observed 
patterns and hypotheses and uses them to generate 
predictions. These predictions may confirm a 
theory (within observable limitations) or may falsify 
it. 

Science as a shared activity 

Scientific activities are often carried out in 
collaboration, such as peer review of work before 
publication or agreement on a convention for clear 
communication. 


Global impact of science 

Scientists are responsible to society for the 
consequences of their work, whether ethical, 
environmental, economic or social. Scientific 
knowledge must be shared with the public clearly 
and fairly. 


Syllabus structure 


Topics are organized into two main concepts: structure and reactivity. This is shown in the syllabus roadmap 

below. The skills in the study of chemistry are overarching experimental, technological, mathematical and.inquiry 
skills that are integrated into the course. Chemistry is a practical subject, so these skills will be developed through 
experimental work, inquiries and investigations. 


Skills in the study of chemistry 


Structure Reactivity 
Structure refers to the nature of matter ivity refers to how and why 
from simple to more complex forms chemical reactions occur 


Structure determines reactivity, which in turn transforms structure 


Reactivity 1. Reactivity 1.1 — Measuring 
What drives enthalpy changes 
chemical 


Reactivity 1.2 — Energy cycles in 
reactions? 


reactions 


Reactivity 1.3 — Energy from fuels 


Reactivity 1.4 — Entropy and 
spontaneity (Additional higher 
level) 


Structure 2. Structure 2.1 — The ionic model Reactivity 2. Reactivity 2.1 — How much? The 


Models of How much, amount of chemical change 


bonding and 
structure 


Structure 2.2 — The covalent how fast and Reactivity 2.2 — How fast? The 
model how far? rate of chemical change 
Structure 2.3 — The metallic Reactivity 2.3 — How far? The 
mode! extent of chemical change 


Structure 2.4 — From models to 
materials 


Structure 3. Structure 3.1 — The periodic Reactivity 3. Reactivity 3.1 — Proton transfer 

Classificationof table: Classification of elements | Whatare the reactions 

mates mechanisms Reactivity 3.2 — Electron transfer 
of chemical reactions 


? 
Structure 3.2 — Functional cronos Reactivity 3.3 — Electron sharing 


groups: Classification of organic reactions 
compounds Reactivity 3.4 — Electron-pair 
sharing reactions 


Chemistry:concepts are thoroughly interlinked. For example, as shown in the 
roadmap above, “Structure determines reactivity, which in turn transforms structure”. 
You are therefore encouraged to continuously reflect on the connections between 
new and prior knowledge as you progress through the course. Linking questions will 
help you explore those connections. In assessment tasks, you will be expected to 
identify and apply the links between different topics. On page 652, there are three 
examples of DP-style exam questions that link several different topics in the course. 


How to use this book 


The aim of this book is to develop conceptual understanding, aid in skills 
development and provide opportunities to cement knowledge and 
understanding through practice. 


Feature boxes and sections throughout the book are designed to support these 
aims, by signposting content relating to particular ideas and concepts, as well as 
opportunities for practice. This is an overview of these features: 


Developing conceptual understanding 


These boxesiin the 
margin will directyyou 

to other parts of the 
book where ‘a concept 
is‘explored further or in 
a different context. They 
may also direct you to 
prior knowledge or a skill 
you will need, or give 

a different way to think 
G Linking questions about something. 


Guiding questions 


Each topic begins with a guiding question to get you thinking. When you 
start studying a topic, you might not be able to answer these questions 
confidently or fully, but by studying that topic, you will be able toanswer 
them with increasing depth. Hence, you should considerthese as you work 
through the topic and come back to them when you revise your 
understanding. 


Linking questions within each topic highlight the connections between 
content discussed there and.other parts of the course. 


These illustrate NOS using issues from both modern science and science 
history, and show how the ways of doing science have evolved over the 
centuries. There is a detailed description of what is meant by NOS and the 
different aspects of NOS on the previous page. The headings of NOS feature 
boxes show which of the eleven aspects they highlight. 


Theory of knowledge 


This is an important part.of the IB Diploma course. It focuses on critical 
thinking and understanding how we arrive at our knowledge of the world. 
The TOK features.in this book pose questions for you that highlight these 
issues. 


Parts, ofthe book have a coloured bar on the edge of the page or next toa 
question. This indicates that the material is for students studying at DP 
Chemistry Higher Level. AHL means “additional higher level”. 


Developing skills 


= 


These ATL features give examples of how famous 
scientists have demonstrated the ATL skills of 
communication, self-management, research, 
thinking and social skills, and prompt you to think 
about how to develop your own strategies. 


These contain ways to develop your mathematical; 
experimental or inquiry skills, especially through 
experiments and practical work. Some ofthese 
can be used as springboards for your Internal 
Assessment. 


These three section of the book are full of reference material for all the essential mathematical and 


experimental tools required for DP Chemistry, details on data analysis and modelling chemistry, as 
well as guidance on how to use the inquiry process in the study of the subject;and to work through 
your Internal Assessment. Flick to this section as your working throughithe rest of the book for 
more information. Links in the margin throughout the book will direct you towards it too. 


Practicing 


Worked examples 

These are step-by-step examples of how to answer 
questions or how to complete calculations. You 
should review these examples carefully, preferably 
after attempting the question yourself. 


© Data-based questions 


Practice questions 


These are designed to give you further practice at 
usingyour chemistry knowledge and to allow you to 
check your own understanding and progress. 


Part of your final assessment requires you toanswer questions that are based These give you an 
on theinterpretationof data. Use these questions to prepare for this. They opportunity to apply 
are also,designed to make you aware of the possibilities for data acquisition your chemistry 


and analysis forday-to-day experiments and for your IA. 


knowledge and skills, 
often ina practical way. 


End-of-topic questions 


Usethesé questions at the end of each topic to draw together concepts from that topic and to practise 


answering exam-style questions. 


vii 
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Course book definition 


The IB Diploma Programme course books are resource 
materials designed to support students throughout 
their two-year Diploma Programme course of study 

in a particular subject. They will help students gain an 
understanding of what is expected from the study of 
an IB Diploma Programme subject while presenting 
content in a way that illustrates the purpose and aims 
of the IB. They reflect the philosophy and approach of 
the IB and encourage a deep understanding of each 
subject by making connections to wider issues and 
providing opportunities for critical thinking. 


The books mirror the IB philosophy of viewing the 
curriculum in terms of a whole-course approach; 

the use of a wide range of resources, international 
mindedness, the IB learner profile and the IB Diploma 
Programme core requirements, theory of knowledge, 
the extended essay, and creativity, activity, service 
(CAS). 


Each book can be used in conjunction with other 
materials and, indeed, students of the IB are required 
and encouraged to draw conclusions froma variety 
of resources. Suggestions for additional and further 
reading are given in each book and suggestions for 
how to extend research are provided, 


In addition, the course companions provide advice 
and guidance on the specific course assessment 
requirements and on.academic honesty protocol: 
They are distinctive and,authoritative without being 
prescriptive. 


IBmission statement 


The International Baccalaureate aims to develop 
inquiring, knowledgeable and caring young people 
who help to create.a better and more peaceful world 
through intercultural understanding and respect. 


To this end, the organization works with schools, 
governments and international organizations to 
develop challenging programmes of international 
education and rigorous assessment. 


These programmes encourage students across the 
world to become active, compassionate and lifelong 
learners who understand that other people, with their 
differences, can also be right. 


The IB Learner Profile 


The aim of all IB programmes to develop internationally 
minded people who work to create a better and 

more peaceful world. The aim of the programmeisito 
develop this person through ten learner attributes, as 
described below. 


Inquirers: They develop their natural curiosity. They 
acquire the skills necessary to conduct inquiry and 
research and snow independence in learning. They 
actively enjoy learning and.this love of learning will be 
sustained throughout their lives. 


KnowledgeableyThey explore concepts; ideas and 
issues that have localand global significance|n so 
doing, they acquire in-depth knowledge and develop 
understanding across‘a broad and balanced range of 
disciplines. 


Thinkers: They exercise ‘initiative in applying thinking 
skills critically and creatively to recognize and approach 
complex problems;.and to make reasoned, ethical 
decisions. 


Communicators: They understand and express 

ideas and information confidently and creatively in 
more than one language and ina variety of modes of 
communication. They work effectively and willingly in 
collaboration with others. 


Principled: They act with integrity and honesty, with 
a strong sense of fairness, justice and respect for the 
dignity of the individual, groups and communities. 
They take responsibility for their own action and the 
consequences that accompany them. 


Open-minded: They understand and appreciate their 
own cultures and personal histories, and are open 

to the perspectives, values and traditions of other 
individuals and communities. They are accustomed to 
seeking and evaluating a range of points of view, and 
are willing to grow from the experience. 


Caring: They show empathy, compassion and respect 
towards the needs and feelings of others. They have 

a personal commitment to service, and to act to make 
a positive difference to the lives of others and to the 
environment. 


Risk-takers: They approach unfamiliar situations and 
uncertainty with courage and forethought, and have 
the independence of spirit to explore new roles, 
ideas and strategies. They are brave and articulate in 
defending their beliefs. 


Balanced: They understand the importance of 
intellectual, physical and emotional ballance to achieve 
personal wellbeing for themselves and others. 


Reflective: They give thoughtful consideration to their 
own learning and experience. They are able to assess 
and understand their strengths and limitations in order 
to support their learning and personal development. 


A note on academic 
integrity 

It is of vital importance to acknowledge and 
appropriately credit the owners of information when 
that information is used in your work. After all, owners 
of ideas (intellectual property) have property rights. 

To have an authentic piece of work, it must be based 
on your individual and original ideas with the work of 
others fully acknowledged. Therefore, all assignments, 
written or oral, completed for assessment mustuse your 
own language and expression. Where sources are used 
or referred to, whether in the form of direct quotation 
or paraphrase, such sources must be appropriately 
acknowledged. 


How do I acknowledge the work of 


others? 

The way that you acknowledge that'you have used the 
ideas of othenpeople is through the use of footnotes 
and bibliographies. 


Footnotes (placed at the bottom of a page) or endnotes 
(placed at the end of a document) are to be provided 
when you quote or paraphrase from another document 
or closely summarize the information provided in 
another document. You do not need to providea 
footnote for information that is part of a ‘body of 
knowledge’ «That is, definitions do not need to be 
footnoted as they are part of the assumed knowledge. 


Bibliographies should include a formal list of the 
resources that you used in your work. 


‘Formal’ means that you should use one of the several 
accepted forms of presentation. This usually involves 
separating the resources that you use into different 
categories (e.g. books, magazines, newspaper 
articles, internet-based resources, and works of art) 
and providing full information as to how a reader.or 
viewer of your work can find the same information. A 
bibliography is compulsory in the Extended Essay. 


What constitutes malpractice? 
Malpractice is behaviour.that results inør may result.in, 
you or any student gaining anunfair advantage in.one 
or more assessment component, Malpractice includes 
plagiarism and collusion. 


Plagiarism is defined as the representation of the ideas 
or work of another person as your own»The following 
are some of the ways to avoid plagiarism: 


e wordsand ideas of another personto support one’s 
arguments must be acknowledged 


e passages that are quoted verbatim must 
be enclosed within quotation marks and 
acknowledged 


e email messages, andvany other electronic media 
must be treated in the same way as books and 
journals 


e thesources of all photographs, maps, illustrations, 
computer programs, data, graphs, audio-visual and 
similar material must be acknowledged if they are 
not your own work 


e when referring to works of art, whether music, film 
dance, theatre arts or visual arts and where the 
creative use of a part of a work takes place, the 
original artist must be acknowledged. 


Collusion is defined as supporting malpractice by 
another student. This includes: 


e allowing your work to be copied or submitted for 
assessment by another student 


e duplicating work for different assessment 
components and/or diploma requirements. 


Other forms of malpractice include any action that gives 
you an unfair advantage or affects the results of another 
student. Examples include, taking unauthorized 
material into an examination room, misconduct during 
an examination and falsifying a CAS record. 


Experience the future of education 
technology with Oxford's digital _ c 
offer for DP Science ) 


You're already using our print resources, but have you tried our digital course on 
Kerboodle? 


Developed in cooperation with the IB and designed for the next generation of 
students and teachers, Oxford’s DP Science offer brings together the IB curriculum 
and future-facing functionality, enabling success in DP and beyond. Use bothyprint 
and digital components for the best blended teaching and learning experience. 


Learn anywhere with mobile- 
optimized onscreen access to 
student resources and offline, 


Encourage motivation with a variety 
of engaging content including 
interactive activities, vocabulary 
exercises, animations, and videos 


Embrace independent learning and Deepen understanding with intervention 


progression with adaptive technology that and extension support, and spaced 
provides a personalized journey so students repetition, where students are asked follow- 
can self-assign auto-marked assessments, get up questions on completed topics at regular 
real-time results and are offered next steps intervals to encourage knowledge retention 
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Introduction to the 
particulate nature 
of matter 


How can we model the particulate nature of matter? 


The universally accepted idea that all matter is composed of 
atoms came from experimental evidence that could only be 
xplained if matter were made of particles. 


@ 


Early classical theory suggested that all matter was composed 

of earth, air, fire, and water. However, this theory lacked 

predictive power and could not account for the great variety 

of chemical compounds, so it was eventually abandoned. 

The systematic study of chemical changes led to the 

discovery of many chemical elements that could not be 

broken down into simpler substances. The fact that these 

elements could only combine with one another in fixed 

proportions suggested the existence of atoms. |t wastthis A Figure Jeln.2021) scientists at Cornell University captured the 

way of processing knowledge through observationand most detailed picture ofatoms to date. What do models show us that 

experimentation which led to the modern atomic theory. microscopeimages cannot? 
Structure 1.1.1 — Elements are the primary constituents Structure 1.1.2 — The kinetic molecular theory is a model 
of matter, which cannotbe chemicallybroken downinto to explain physical properties of matter (solids, liquids, 
simpler substances. and gases) and changes of state. 
Compounds consist.of atoms of different elements Structure 1.1.3 — Temperature (in K) is a measure of 
chemically bonded together in a fixed ratio. average kinetic energy (E) of particles. 


Mixtures contain more than one element or compound 
in no fixed ratio, which are not chemically bonded and 
so canbe separated by physical methods. 


THe compositionefmatter (Structure 1.1.1) 
Matter and enefgy 


Chemistry is the study of matter and its composition. Matter is everywhere. 
We aremmade.up of matter, we consume it, it surrounds us, and we can see 
andtouchmany forms of matter. Air is a form of matter that we know is there, 
thoughwe cannot see it. The universe is made of matter and chemistry seeks 
to expandour understanding of matter and its properties. The characteristics 
of matter are shown in figure 2. 


In contrast, energy is anything that exists but does not have these properties. 
Matter and energy are closely associated with each other, and energy is often 
considered as a property of matter, such as the ability to perform work or 
produce heat. 
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Chemical reactions are introduced 
in Reactivity 1.1. 


> Figure 2 The characteristics of matter 


@ Thinking skills 


Although mass and energy can be converted into one another (for example, in 
nuclear reactors or inside stars), chemistry studies only those transformations of 
matter where both mass and energy are conserved. In chemical reactions, the 
products have the same mass as starting materials, and the energy is transformed 
from one form to another rather than created or destroyed. 


à The famous Einstein equation, E = mc?, shows that mass (m) and energy 


_(E) are interconvertible. However, the energy released or absorbed in 
~ chemical reactions is relatively small while the speed of light (c) is very large 


(3.00 x 108 m s7). As a result, the loss or gain in mass caused by chemical 
changes is negligible. 

This example demonstrates the importance of approximation in science: if 
the effect of a certain factor is minor, it can often be ignored in calculations 
without compromising the final result. 


What other examples of negligible effects have you encountered 
in chemistry? 
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The atomic theory 


The law of conservation of mass and the observation that certain substances 


always combine in definite proportions led to 


the idea that matter was composed 


of elements. It was theorized that elements combined to form other substances 
but could not be broken down chemically. Hydrogen and oxygen can react to 
form water, and experiments showed that the mass of hydrogen and oxygen 
consumed equalled the mass of water formed. Other experiments showed that 
1.0g of carbon would react with 1.33 g of oxygen through combustion to form 


carbon monoxide, and with 2.66 g of oxygen 


lt was proposed that elements, such as hydrog 
primary constituents of matter, and they canno 
simpler substances. The idea of definite propo 
element, called atoms, would combine with a 


to form carbon dioxide. 


en, oxygen or carbon, are the 

be chemically broken down into 
rtions suggested that particles of one 
oms of another element in a fixed, 


simple ratio, and that atoms of one element have a different mass than atoms of a 


different element. This, and other experimenta 


The atomic theory states that all matter is com 
cannot be created or destroyed, but they are 
reactions. Physical and chemical properties o 
and arrangement of these atoms. 


evidence, led to the atomic theory. 


posed of atoms. These atoms 
rearranged during chemical 
matter depend onthe bonding 


Thesinternal structure and 
characteristics of atoms will be 
discussed in Structure 1. 2 


Ancient atomists, among them the Indian 
Uddalaka Aruni and the Greek philosoph 
Democritus and Leucippus, reasoned tha 
was made up of tiny, indivisible particles: 


postulated that changes in the natural world are due.to 


interactions between these particles: 


In 8th century BCE, Aruniproposed that “particlésitoo 
small to be seen mass together into thelsubstances and 
objects of experience”»He called the particles “kana”. 


Similarly, in 5th century BCE, Democritus is 
observed that one could successively snap 


into increasingly smaller parts until producing powder 
composed ofiindivisible units, knownas “atomos”, 
splittable”, that could not be broken any further. 


The next stage in the development of atom 


2000 years latersisscredited to John Dalton. Dalton drew 
from mass conservationyexperiments to propose that 
atoms could be classified into different types known as 


“elements”),based on their masses. 


Scientific knowledge must be supported by verifiable 
evidences What evidence was used to develop these 
atomic theories? What is evidence? Is evidence shaped 


by our perspective? 


sage 
ers 

t matter 
They 


said.to have 
a Seashell 


nou 


not 


ic theory, over 


A Figure 3 Top: Aruni lived in what is now modern day 
Northern India, by the Ganges river. Bottom: Democritus is 
depicted in a Renaissance-era painting 
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Chemical symbols 


In modern chemistry, atoms and elements are represented by the same symbols, 
which consist of one or two letters and are derived from the element names. For 
example, the chemical symbol for hydrogen is H (the first letter of hydrogen), and 
the chemical symbol for iron is Fe (the first two letters of the Latin ferrum “irén”), 
Common chemical elements and their symbols are listed in table 1; the full list is 


H hydrogen given in the data booklet and in the periodic table at the end ofthis book. 
C carbon Atoms are the smallest units of matter that still possess certain chemical 
O oxygen properties. While atoms can exist individually, theystend to.combine together 

3 sodium and form chemical substances. Elementary substances contain atoms of a single 

= s element, while chemical compounds contain atoms of two or more elements 

g pmagnesum bound together by chemical forces. For example, magnesium metal isan 
S sulfur elementary substance, as it contains only one type of atom, Mg. Similarly, sulfur 
CI | chlorine (S) is another elementary substance composed of sulfur atoms only. Inicontrast, 
Fe Fon magnesium sulfide (MgS) is a chemical compound, as iteonsists of two different, 


chemically bound atomic speciespMg and S$ (figure 4). MgS is the chemical 
formula of magnesium sulfides 


A Figure 4 Magnesium (left), sulfur(middle) andmagnesium sulfide,(right) 


pure substance— has adefinite and 
uniform chemical composition 


Pure substances and mixtures 
Matter can be classified as a pure substance or a mixture, depending on the type 


of particle anrangement (figure 5). 


matter — any substance that 
Occupies space and has mass 


mixture - a combination of two or more pure 
substances that retain their individual properties 


element — 
composed.of one 


homogeneous - has 
uniform composition 
and properties 
throughout, e.g., sea 
water, metal alloy 


compound - composed 
of two or more kinds of 
kind of atoms, e.g.) atoms in a fixed ratio, 
magnésium ia e.g., magnesium sulfide 
sulfur (S (MgS), water (H20) 


D o G 


A Figure 5 How matter is classified according to the arrangement of particles 


heterogeneous - has 
non-uniform composition 

and varying properties, 
e.g., paint, salad dressing 


Pure substances cannot be separated into individual constituents without a chemical 
reaction, which alters their physical properties. In contrast, mixtures can be separated 
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into individual components that retain their respective physical properties. 


© Data-based questions 


A student had two pure substances, A and B. They were heated in separate crucibles and some qualitative and 
quantitative observations were made and recorded in table 2. 


A Substance A 


A Substance B 


A Appearance after heating each of the two substances 


Observations 


ears before heating 


Red colour 


Mass of crucible 
| and substance /g 


26.12 0.02 


Mass of crucible 
and contents after 
heating / g 


26.62 +0.02 


Change in 
mass / g 


Observations after 
heating 


Black colour 


Green colour 


27.05 + 0.02 


25.76 + 0.02 


Black colour 


A Table 2 Results from heating substances A and B 


Calculate the change in mass for substances A and B. 


State a qualitative observation from the experiment performed on A and B. 


Melting,ice is a physical change while rusting iron is a chemical change. Explain, using the observations, whether 


thechanges to substances A and B represented a physical change or a chemical change. 


A and B were both pure substances, not mixtures. Discuss whether the experiment shows that A and B are 


elements. 


Both A and B turned black on heating. Can it be concluded that the heating of these two substances produced the 


same substance? 
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Melting point data can be used to assess the 

purity of a substance. Pure substances have sharp 
melting points, which means they melt at a specific 
temperature that closely matches the theoretical 
value. The presence of impurities in a substance 
lowers its melting point and causes melting to occur 
over a temperature range. 


Relevant skills 

e Tool 1: Melting point determination 

e = Inquiry 2: Identify and record relevant qualitative 
observations and sufficient relevant quantitative data 


Materials 

e Melting point apparatus 

e Capillary tubes 

e Samples of two known organic solids, for example, 
aspirin and salol (phenyl 2-hydroxybenzoate) 


Safety 

e Wear eye protection. 

e Note that the melting point apparatus gets very hot. 

e You teacher will give you further safety precautions, 
depending on the identity of the solids being 
analysed (for example, salol and aspirin are irritants 
and environmentally hazardous). 


Methods for determining the 
melting point of a substance are 
discussed in the Tools for chemistry 
chapter. 


Method 

(Your teacher will provide specific instructions, depéhding 

on the identity of the solids being analysed.) 

1. Obtain samples of two organic solids (A and.B),for 
analysis. 

2. Prepare samples of each solid in two separate 

capillary tubes. 

3. Following your teacher's instructions, mix small 

amounts of the two solids together. 

4. Prepare, ina third capillary tube, a small sample ofthe 

mixture of the twosolids. 

5. Determine the melting point of your threésamples 

A, Band the mixture). 


Questions 
|. Record relevant qualitative and quantitative data in an 
appropriate format. 


2. sComment on the results, comparing the melting 
points of pure substances with impure substances. 

3» Research the structuraliformulas of A and B and use 
this information to explain the difference in their 
melting points: 

4. To whatextent could melting point data be used to 
analyse the success of an organic synthesis? 


Mixtures containmore than one element or compound in no fixed ratio, which 
are not chemically bondéd and so can be separated by physical methods. 
Mixtures cambe homogeneous, in which the particles are evenly distributed. 
Ainis a mixture of nitrogen, oxygen, and small amounts of other gases. Airis a 
homogeneous mixture, and its composition of roughly 80% nitrogen and 20% 


oxygen is.consistent regardless of where air is sampled. 


If theyparticles are not evenly distributed, such as in a mixture of two solids, then 
theymixture is referred to as heterogeneous. Natural milk will have the cream rise 
to the top, which reveals that milk is a heterogeneous mixture. 


Each component of a mixture maintains its physical and chemical properties. For 


The most common homogeneous 
mixtures, aqueous solutions, will 
be discussed in Reactivity 3s, and 
the properties of metal alloys in 
Structure 2.4. 


example, hydrogen, H,, is explosive, and oxygen, O,, supports combustion. 
When these substances are present in a mixture, their properties stay the same. 
In contrast, water, H,O, is not a mixture of hydrogen and oxygen but a chemical 
compound formed by bonding two hydrogen atoms with one oxygen atom. 


The new substance has none of the properties of hydrogen or oxygen. It is nota 
gas, is not explosive, and it does not support combustion. It is a pure substance 
with its own properties and the hydrogen and oxygen cannot be separated from 
water without a chemical reaction, which creates new substances. 
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Separating mixtures 


Mixtures can be separated by physical means because each component of the 
mixture has unique properties. A mixture of iron and sulfur powders can be 
separated using a magnet. Iron is magnetic while sulfur is not. This difference 

in property is used to separate them. The compound iron(II) sulfide, FeS, is not 
magnetic and does not have a sulfurous smell. It maintains none of the properties 
of the components as it is a new, individual pure substance. 


Two solids can usually be separated if we understand their intermolecular forces. 
Sand can be separated from sugar because sugar will dissolve in water, due to 
the intermolecular attractions between sugar and water. 


The solid mixture of sand and sugar is placed in water and the sugar 
dissolves. The solution can then be poured through filter paper placed inside 
a funnel, a process called filtration (figure 6). The large sand particles will 

not pass through and remain on the filter paper, whereas the sugar dissolved 
in the water will pass through the filter paper. The wet sand is dried, and the 
water evaporates leaving behind the pure sand. The sugar can be obtained 
by evaporating the water from the filtrate — the solution which passed 
through the filter paper. Sugar crystals will form in this crystallization process 
(figure 7). 


\ in Structure 2.2, Ø 


filter paper 


1, filterfunnel 


residue 

(We define 

a residue 

as a substance 
that remains 
after.evaporation, 
distillation, 
filtration or any 
similar process) 


filtrate 


A Figure6 Filtration apparatus 


evaporating sugar solution 
basin 


// solution from 
f— 


{evaporating basin 


4 í aa 


for sugar to crystallize process 


Intermolecular forces are discussed 
h | 


cold tile leave for a few days Figure 7 The crystallization 
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> Figure 8 Distillation apparatus 


Paper chromatography will 
be discussed in more detail in 
Structure 2.2. 


> Figure9 The stages in 2D paper 
chromatography 


Distillation can be used to separate miscible liquids with different boiling points, 
such as ethanol and water. Ethanol has a lower boiling point and will evaporate first. 
Once the vapours rise up a cooling column, they can be condensed to a liquid. As 
shown in figure 8, cold water surrounds the condenser and allows the vapours to 
condense to liquid ethanol. The water remains mostly in the distillation flask. 


thermometer 


distillation water out 


flask 


ethanol water in 


and water 


distillate 
(mostly ethanol) 


Paper chromatography can be uŝed to separate substances such as components 
in inks. Apiece of chromatography paper is spotted with the mixture. The bottom 
of the paper, below the spot, is placed in a suitable solvent as in figure 9(a). 


The substances in the mixture have different affinities for the solvent (the mobile 
phase) andthe paper (the stationary phase). The affinity depends on the 

intermolecular forces of attraction between the pure substances in the mixture 
and the solvent or the paper. Figure 9(c) shows a mixture that was composed of 


five pure.substances. 


paper Ji 


solvent dropof turn paper 90° clockwise 
mixture and use a different solvent 


(a) 


© Data-based questions 


Look at figure 9. 
1. Which colour dot had the strongest affinity for both solvent 1 and solvent 2? 


2. Which colour dots had a stronger affinity for solvent 1 than solvent 2? 
3. Which had a stronger affinity for solvent 2 than solvent 1? 
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Table 3 shows a summary of the separation techniques discussed. 


Technique 


Description 


mixture is poured 


Components 


removed left 


a solvent; components 
move along the paper 


filtration through a paper filteror | liquid(s) solid(s) 
other porous material 
dissolution mixture is added to water | soluble insoluble 
(solvation) oran organic solvent substance(s) substance(s) 
mixture is dissolved in 
hot water or an organic 
cvstalizstion solvent, the solution more soluble | less soluble 
y cools down, and the substance(s) substance(s) 
crystals formed are 
isolated by filtration 
. mixture is heated up 3 solid(s) and/ 
evaporation or i volatile s 
E a until one or more of its sated of non-volatile 
distillation : liquid(s) jm E 
components vaporize(s) liquid(s) 
ixture is placed 
hese A ssoluble 
la paper, : more soluble _component(s) 
paper side of the paper is 
chromatograph submerged in water or copper | movels) swa 
graphy g move(s) faster | or stay(§) in 


yplace 


A Table 3 Summary of separation techniques 


Suggest a suitable method for 
separating eactyof the following 

l mixtures; 
a. saltand pepper 
b. several water-soluble dyes 
c. suganand/water 
d. iron and copper filings 

| Foņeach mixture, describe the 
separation technique and outline 
how each component is isolated. 


A Figure 10 An advanced filtration technique called reverse osmosis extracts salt from seawater, providing fresh 
water for millions of people. However, this process requires vast amounts of energy, most of which is currently 
provided by fossil fuels. Why might it be important to consider alternative energy sources? 
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Relevant skills 
e Tool 1: Separation of mixtures 
e Tool 1: Addressing safety of self, others and the environment 


Instructions 

]. Using the ideas in this chapter, devise a method that wouldiallow you 
to separate a mixture containing sand, salt, iron filings andyoowdered 
calcium carbonate. In doing so, you must considerthe physical and 
chemical properties of each of these four substances. 

2. Once you have decided ona method, identify the hazards and complete 
arisk assessment protocol in which you: 
e Identify the hazards 
e Assess the level of risk 
e Determine relevant controlmeasures 
e Identify suitable disposal methods aligned with younschool’s health 

and safety policies. 

3. Ifyou have time, try it out! Remember that your teacher should validate 

your methodology and risk assessment beforehand. 


Extension 

You could evaluate the effectiveness of yournmethod by comparing the mass 
of each component(sand, salt, iron filings, and calcium carbonate) before and 
afterthe separation. Measure thesmass ofeach component prior to mixing 
them together. Then mix,them together, carryout your separation, make sure 
thecomponents are all dry, and measure the mass of each again. Compare 
the masses before and after to calculate the percentage recovery of each 
component. 


© Linking gutstions 


What factors.are considered in choosing a method to separate the 
Components of a mixture? (Too! 1) 


How,éan the products of a reaction be purified? (Too! 1) 


How do intermolecular forces influence the type of mixture that forms 
F between two substances? (Structure 2.2) 


Why are alloys generally considered to be mixtures, even though they often 
contain metallic bonding? (Structure 2.3 and Structure 2.4) 
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States of matter (Structure 1.1.2) 
Solids, liquids and gases 


Matter is composed of particles. The types of interactions between these particles 
determine the state of matter of a substance: solid, liquid or gas. All substances 
can exist in these three states, depending on the temperature and pressure. 


The states of matter of substances are shown by letters in brackets after the 
formula: (s) for solid, (|) for liquid and (g) for gas. For example: 


e Water is a solid below 0°C: H.O(s) 


2 


* Water is a liquid between O and 100°C: H,O(!) 
e Water is a gas above 100°C: H,O(g). 


A special symbol, (aq), is used for molecules or other species in aqueous solutions. 
For example, the expression “NaCl(aq)” tells us that sodium chloride is dissolved 
in water while “NaCl(s)” refers to the pure compound (solid sodium chloride). The 
properties of the three states of matter are summarized in figure 11. 


liquid gas 


e fixed volume e fixed volume e no fixed volume 

e fixed shape * no fixed shapé e no fixed shape 

* cannot be * cannot be e can be 
compressed compressed compressed 

e attractive forces e attractive forces * attractive forces 
between particles between particles between particles 
are strong are weaker than are negligible 

e particles vibrate,in those in solids. e particles vibrate, 
fixed positions but e particles vibrate) rotate, and move 
do notmoye around rotate, and around faster than 

move around ina liquid 


A Figure N, Steam, liquid waterand ice arefthe three states of water 


Changés of state 


Substances change their states of matter as they absorb or release energy. Solid 
ice will absorb.énergy asit is heated. The particles continue to vibrate in fixed 
positions, but more violently, until a temperature known as the melting point 

is reached. At this\point, the ice melts (changes its state from solid to liquid). 

A further increase in temperature accelerates the movement of particles, and 
eventually the water vaporizes and becomes a gas. The decrease in temperature 
reverses these changes of state. 


Under certain conditions, solid substances can turn into gases directly, without 
melting. This change of state, known as sublimation, is typical for dry ice (solid 
carbon dioxide, COs), figure 12), which is commonly used for refrigerating ice 
cream and biological samples. A Figure 12 Sublimation of dry ice 
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The process opposite to sublimation is called deposition. At low temperatures, 
water vapour in the air solidifies and forms snowflakes of various shapes and sizes 
(figure 13). 


When a substance changes from a more condensed state to a less condensed 
state, energy is absorbed by the particles from the surroundings. This\happens 
when a solid becomes a liquid or a gas, and when a liquid becomes a.gas. These 
are endothermic processes. 


When a substance changes from a less condensed state to @ more condensed 
state, the particles lose energy to the surroundings*and; fona molecular 
substance, the intermolecular forces become stronger. This happens when a gas 
becomes a liquid ora solid, and when a liquid becomes a solid. Théprocess of 
releasing energy to the surroundings is an exothermic process. 


A Figure 13 A snowflake, the product of 
deposition of water 


The changes of state occurring in these transformations are shown in figure 14. 


Some substances, known as non-Newtonian fluids, 2._ /Slowly add water to the maize starch and mix. 
do not behave like typical liquids. The viscosity of non- Continue adding water until the mixture achieves 
Newtonian fluids varies depending on the force applied a thick consistency. Adjust by adding more maize 
to them. You will make a non-Newtonian fluid commonly starch or more water, as needed. 
known as maize starch slime or “oobleck”, and explore its 3. Spend some time exploring the properties of 
properties. your mixtures |t should harden if tapped, and flow 
Relevant skills smoothly if stirred slowly. 
e Inquiry 1: Identify dependent and independent Questions 

variables 1. Describe the properties and identify the state of 
e Inquiry 2: Identify and record relevant.qualitative matter of each of the following: 

observations e powdered maize starch 

e water 

Safety 


e the maize starch-water mixture. 


Wear eye protection. 2. Suppose you were asked to develop a research 
Materials question relating to a maize starch-water mixture. 
e Spoon or large spatula Consider possible independent and dependent 
° 250 .em? beaker variables. 
e Powdered. maize starch 3. Research non-Newtonian fluids and identify other 
e Water examples of these substances. 
4. How has this experience changed the way you think 

Method about states of matter and their properties? Reflect on 
1^ Add'thrée or four heaped speons of maize this, completing the following sentence starters: 

starch to the beaker. Note its appearance and ee itisad tothinke. 

pe * Now, I think... 


G Linking questions 
Why are some substances solid while others are fluid under standard 
conditions? (Structure 2.4) 


Why are some changes of state endothermic and some exothermic? 
(Structure 2, Reactivity 1.2) 
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solid (s) liquid (I) 
A Figure 15 Orange growers spray their fruitwith water.on cold nights. 
Freezing of water is an exothermic process'that releases energy (in the form of 
heat) to the fruit, protecting it against cold 


A Figure 14 Endothermic and exothermic 
changes of state 


Kelvin temperature scale (Structured.1. 3) 


As temperature rises, the energies of particles increase. Temperature is a 
measure of the average kinetic energy of particles. As substances/absorb energy, 
particles of a solid vibrate in the lattice more, particles ina liquid vibrate more and 
move faster, while in a gas they move faster. 


When water is heated, there is no temperature change during the periods when 

a solid changes to a liquid and when a liquid changes to a gas (figure 16). The 
added energy is used to disrupt the solid lattice and overcome theintermolecular 
forces between molecules inthe liquid. 


vaporization 


steam 


100 
Å 


O condensation 
o 
=~ water + steam 
g 
A: 
= 
T 
a 
E ice + water 
2 melting 
(0) 


tR 


freezing A Figure 17 The seven base SI units 


are kilogram (kg) for mass, meter (m) for 
energy input length, second (s) for time, ampere (A) for 
electric current, kelvin (K) for temperature, 
mole (mol) for amount of substance, and 
candela (cd) for luminous intensity. All units 
of measurement can be derived from these 


& Figure 16 Graph of the heating curve for water 


There were many attempts to measure relative temperature, but the first widely 
accepted temperature scale was introduced by the Polish-born Dutch physicist 
Daniel Gabriel Fahrenheit. 


seven base units 


You will learn more about the mole 


The kelvin is the base unit of temperature measurement in the International i 
in Structure 1.4. 


System of Units (SI). There are seven base units, and all other units of 


measurements can be derived from these (figure 17). m 
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Making, recording, and communicating measurements 
greatly benefits from agreed upon scales. The 
International Bureau of Weights and Measures (BIPM, 
from the French Bureau international des poids et 
mesures), established in the late 19th century, is an 
international organisation which seeks to set up and 
continuously refine measurement standards. 

The International System of Units (SI, from the French 
Système international d'unités) is the most commonly 
used system of measurement. Its building blocks are the 
seven base units: length (metre, m), mass (kilogram, kg), 
time (second, s), electric current (ampere, A), temperature 
(kelvin, K), amount of substance (mole, mol) and luminous 
intensity (candela, cd). All other units, such as those of 


volume (m°), density (kg m°), energy (joule, J, where 1J 

= 1kg m?s?) and so on, are derived from the seven’base 
units. 

The base units are defined according to sevenconstants, 
including several that you will recognizeysuch asthe 
Boltzmann constant, k, speed of light»c; the Avogadro 
constant, N,; and the Plank constant, h. 

The use of universal and precisely defined.units is very 
important, as it allows scientists from different countriés 

to understand one another and share the results of their 
studies. What other advantages are there to internationally 
shared and continuously updated measurementisystems in 
the natural sciences? You might wantto lookup the Mars 
Climate Orbiter. 


@) Thinking skills 


Throughout history, sevéral universal témperature scales have been 
developed, each with different reference points. Some of these are 
summarized initable 4. 


Scale Date Reference points 
Newton 1700s „O freezing point = 0° 
Human body temperature = 12° 
Fahrenheit 1700s 1,0 freezing point = 32° 
„O boiling point = 212° 
Delisle 1700s „O freezing point = 150° 
„O boiling point = 0° 
Celsius 1700s „O freezing point = 0° 
„O boiling point = 100° 
Kelvin 1800s Absolute zero = O 
CGPM 1950s Triple point of water = 273.16 K 
BIPM 2018 Kelvin defined in terms of the Boltzmann 
constant, k. 


A Figurel8 A platinum-iridium cylinder 
in the US was used to define a kilogram of 
mass. This standard became obsolete in 
2019, when the kilogram and all other SI 
units were redefined as exact quantities 


- your class. 
based on physical constants 


A Table4 Examples of various temperature scales 


Temperature is related to thermal energy and as such it could be expressed 

in the unit for energy, joules (J), which are in turn defined in terms of the base 
units kg, m and s. It has been decided to keep kelvin as an SI base unit “for 
historical and practical reasons”. What do you think some of these historical 
and practical reasons could be? 

Look carefully at table 4 above. Identify one thing you see, one thing it makes 
you think about, and one thing it makes you wonder. Share your ideas with 
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Kelvin temperature is proportional to the average kinetic energy of particles and 

is considered an absolute scale. 

Absolute zero (O K) implies that at this temperature the particles cannot transfer 

any kinetic energy on collisions. Matter at absolute zero cannot lose heat and 

hence cannot get any colder. An increase in temperature of 1 kelvin is equivalent : 


to an increase in temperature of 1 degree Celsius. 0°C is equal to 273.15K. 
Under normal pressure, water boils at 100°C, so that makes the boiling point of 


water 373.15 K. Absolute zero on the Celsius scale is -273.15 °C. gv, 
ac 
e 


<4 Figure 19 The Celsiusa 
scales for temperature (all values a 
rounded to whole numbers) 


ELS 


freezes 
25 
You will learn more about the 
O ki P 
5K inetic energy of particles in 
O eactivity 2.2. 


dry ice 
solid CO. 


i tions 


s the graphical distribution of kinetic energy values of particles in a 


samp fixed temperature? (Reactivity 2.2) 


What must happen to particles for a chemical reaction to occur? (Reactivity 2.2) 
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End-of-topic questions 


To pic review 5. Which changes of state are opposite to each other? 


A. melting and condensation 
1. Using your knowledge from the Structure 1.1 topic, 


answer the guiding question as fully as possible: BE Vapelizationiandiciepesiion 


C. deposition and sublimation 


How can we model the particulate nature of matter? D. sublimation and freezing 


Exa m-styl e questions 6. Which of the following statementsiis incorrect? 


. : : A. solids and liquids ar®almost incompressible 
Multiple-choice questions S i paa à 
B. particles in both solids andyliquids are mobile 


2, a Da following are examples of homogeneous C. liquids and gs have no fixed shape 
mixtures? 
Ai D. particles,in solids, liquids and gasés can vibrate 
l ir 
7. Which elements can be separated from each other by 
|. Steel ; 
; physical methods? 
ll. Aqueous potassium manganate(VIl), A. ugeni nitrogen in À 
KMnO, (aq). 5 
B. hydrogen and oxygen in water 
A. llonly Ch, carbon and oxygen in dry ice 
B. IIl only D.. magnesium andsulfurin magnesium sulfide 
C. land Il only 8= Which change in temperature on the Celsius scale is 
D. 1, Iland Ill equivalent tothe increase in temperature by 20K? 


A. “decrease by 20°C 

B. increase by 20°C 

G. decrease by 293.15°C 
D. increase by 293.15°C 


3. What correctly describes the sublimation ofdry ice 
(carbon dioxide)? 


Exothermic or | Equation describing the 


endothermic? | process 


BW exothermic AACO.) > €0,19) Extended-response questions 
EMM exothermic | CO,{s) => Clo) o9 1 9. Explain why the Kelvin temperature is directly 
fea endothermic | CØ (s) > CO,(g} | proportional to average kinetic energy but the 
3 j Celsius temperature is not, even though a l-degree 
BE endothermic y| CO,(s) > Clg)+ O,(9) | temperature incrementis the same in each scale? [2] 
4. Whichofthe following methods Couldybe used to 10. lonic salts can be broken down in electrolysis. The 
obtain solid sodium chloride from asolution of sodium 


EN unbalanced ionic equation for the electrolysis of molten 
chloride in water? lead(II) bromide is: 


l. évaporation 
Pb* + Br—Pb+X 


I? filtration 
Ill. distillation a. One ofthe products is lead, Pb. State the 
formula of product X. fi] 
A. Jeny b. Balance the equation. fl] 
Banshi only c. The electrolysis of molten lead(ll) bromide is 
C. land Illonly carried out at 380°C. With reference to melting 
D. 1, land Ill point and boiling point data, deduce the state of 


matter of each of the species in the equation at this 
temperature. Write state symbols in the balanced 
equation you gave in (b). [2] 
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11. The kinetic energy of particles is equal to half of their 
mass X the square of the velocity of the particles: 


5 = Fim Determine how much the speed of 


molecules in a pure gaseous substance will increase 


when the Kelvin temperature is doubled. [2] 
12. Pure caffeine is a white powder with melting point 

ABS AC, 

a. State the melting point of caffeine in kelvin. [1] 


b. Achemist is investigating the efficacy of three 

feine extraction methods. The theoretical 

yield in all three cases is 0.960g. She uses each 
method once and collects the following data for the 
yield and melting point of the product: 


Method 1 | Method 2 | Method 3 


Mass of caffeine 
obtained /g 


Melting point of 
caffeine product / °C 


0.229 


0.094 0.380 


188-201 | 


190-220 | 229-233 


i. Calculate the mean and range of the mass 
of caffeine obtained. [2 
ii. Calculate the percentage yield of Method 1. 
Give your answer to an appropriate number 


of significant figures. [2 
iii. Determine, giving,a reason, which method 
gave the purestCaffeine product. H 
c. Suggest one way to minimizethe random 
error in this experiment. fl 


13. A student prepates acopper(|) sulfate solution by, 
reacting dilute sulfuric acid with excess copper(|!) oxide. 
Copper(|i)"Oxide isjinsoluble in water. 


Thewordequation for this reaction is.as follows: 
sulfuricacid + copper(|l), oxide copper(||) sulfate + water 


a, Write a balanced,chemieal equation, including 
state symb6ls, for this’reaction. [2] 
b. The acid was heated, then copper(|!) oxide 
powderwas added until it was in excess and 
could be observed suspended in the solution, 
quickly sinking to the bottom of the beaker. Suggest, 
giving a reason, a method the student could 


use to remove the excess copper(|I) oxide. [2] 


c. Once the excess copper(I!) oxide had been 
removed, the student needed to figure out how 
to obtain pure crystals of copper(II) sulfate from 
the solution. Describe a method the student 
could follow to obtain pure, dry copper(|l) 
sulfate crystals. 


14. Study the figure below. 


vaporization 


100 . 
ce condensation 
® waiter-+ steam 
2 water 
ag ice+ Water 
iS melting 
g 


ice freezing 


energysinput 


a. Explain why, in spite of the increasing energy 
input, the temperature of the sample remains 
constantiat O°C fora period of time. 


[2] 


A solution of 5.00g of sodium chloride in 100.0 g of 
pure water (at standard atmospheric temperature and 
pressure) has the following properties: 


e ~~ melting point: -3 °C 
e boiling point: 101°C 


b. Sketch a graph similar to the one in figure 16 
to show the heating curve for a sample of this 
sodium chloride solution. [2] 

15. Elemental iodine exists as diatomic molecules, |,. At 
room temperature and pressure, it is a lustrous purple- 
black solid that readily forms violet fumes when heated 
gently. When cooled, gaseous iodine deposits on 
cold surfaces without condensing. Under increased 
pressure, solid iodine melts at 114°C to form a deep- 
violet liquid. 


a. Formulate equations that represent all changes of 
state mentioned above. [3] 


b. State the melting point of iodine in kelvin. m] 


Suggest how liquid iodine can be obtained from 
gaseous iodine. m] 


The nuclear atom 


Understandings 


How do nuclei of atoms differ? 


Structure 1.2.1 — Atoms contain a positively charged, d 


1 


The answer to this question was obtained by over 
100 years of brilliant research. Sometimes, the 
question of how we know is more fascinating than 
the question of what is known. Structure 1.2.2 — Isotopes are atop 
In the late 1800s, the idea that matter was different numbers of neutrons. 
composed of atoms that were indivisible and 
rearranged in chemical reactions (known as 

the atomic theory) was gaining popularity. The 
discovery of electricity and radioactivity allowed 
scientists to study the structure of the atom itself. 


Structure 1.2.3 — Mass spectrayare used tő determine 
the relative atomic masses of elements from their is i 
composition. 


The structure 


and neutrons (coll Ons). s also contain electrons, 


which occupy the ide of the nucleus. The protons, neutrons and 
electrons a known iat 

The “i, 

| ry 


ed by Ernest Rutherford in 1911, positively charged 
icles were fired toward a sheet of gold foil. The main 


Rutherford’s explanation 


— r >+ Mostalpha 
i |) particles are 
à á undeflected 


atom 


Some alpha 
particles are 
deflected 
slightly 


vacuum 


z undeflected y ON A few alpha 


i a j particles 
large Gee slight Sey bounce 
deflection deflection + _— 


off nucleus 


A Figure] Rutherford’s gold foil experiment 


Structure 1.2 The nuclear atom 


The gold foil experiment falsified the atomic model 

that preceded it, namely the “plum-pudding model”. 
The plum-pudding model suggested that the atom was 
an amorphous positively charged blob with electrons 
present throughout. If this were the case, all aloha 
particles fired at the gold foil would have gone through its 
atoms undeflected. Rutherford’s results contradicted the 
existing model, paving the way for the development of a 
new model of the atom. 


which property. 


Nearly all the alpha particles went 
_ straight through the gold foil. 


The lists below show the observations in the gold foil experiment 
properties of the nucleus. Determine which observation is explain 


Scientific claims are falsifiable. This means that they are 


vulnerable to evidence that contradicts them. A’scientific 
claim that stands up to severe testing is str 
never be proven true with absolute certai i ic 


knowledge is therefore always acco! ied 

degree of uncertainty. The provision ture of scientific 
knowledge means that further steer it in 
new directions. 


Can a single counterexa 


falsifya claim? 


Occasionally, some of the alpha 
_ particles bounced straight back. 


The alpha particles are repelled 
when closely approaching the © 
nucleus. 


mass, the atomic r 


A Figure2 The Rutherford model of the atom 


Ents by proposing the 
rford model (figure 2). 


owever, instead o by avity, the electrons are held around the 


© -electron 
@ -proton 


@ -neutron 


©. nucleus 


Scientists use models to represent natural phenomena. All 
models have limitations, which should be identified and 
understood. Consider the depiction of the atom in figure 
2. The size of the nucleus is exaggerated but it serves as a 
useful model of the nuclear atom. 

The vast space in the atom compared to the tiny size of 

the nucleus is hard to fully appreciate. Rutherford’s native 
New Zealand is a great rugby-playing nation. Imagine 
being at Eden Park stadium (figure 3) and looking down at 
the centre of the pitch from the top row of seats. Ifa golf 
ball were placed at the centre of the field, the distance 
between you and the golf ball would represent the 
distance between the electron and the nucleus. 

The relative volume of open space in the atom is vast, and 
our simple representation of Rutherford’s atomic model 

in figure 2 is obviously unrealistic. The nucleus occupies 

a tiny volume of the atom and the diameter of an atom is 
approximately 100000 times the diameter of the nucleus. 


MEF, he 


Atoms themselves are extremely small. The diameter of 

most atoms is in the range 1x 10° to 5x 10m. The 

unit used to describe the dimensions of atoms is,the 

picometre, pm: 

lpm=10'm 

In X-ray crystallography a commonly usedsunit for atomic 

dimensions is the angstrom, symbol A: 

1A=10°m 

For example, the atomic radius of the fluorineatomis 

60 x 1072m (60 pm). To convert this to A we can use 

dimensional analysis, using the conversionfactors 

given above: 

TO2my 1A 
Au W 

In spitefofits limitations, Rutherford’s work has formed the 

basisiof much of our thinking on the structure of the atom. 

Rutherford‘is rumoured to have said to his students: 


60 pm x = 0.60 Å = 6 0x TOÀ 


All'science is either physics or stamp collecting! 


Eden Park, Auckland, New Zealand. If the atom were the size of the stadium, the nucleus would look like a golf ball in the centre 


ofthe field 


Structure 1.2 The nuclear atom 


All the models we have discussed assume that atoms are real. However, it 
could be argued that objects are only “real” when they can be seen. In 1981 
wo physicists, Gerd Binnig and Heinrich Rohrer, working at IBM in Zurich, 
Switzerland invented the scanning tunnelling microscope (STM), an electron 
microscope that generates three-dimensional images of surfaces at the atomic 
evel. This gave scientists the ability to observe individual atoms directly. The 
obel Prize in Physics in 1986 was awarded to Binnig and Rohrer for their 
groundbreaking work. 
You can find an atomic scale film created by IBM called A Boy and his Atom on 
he internet. 


A Figure4 A still from A Boy and his Atom 


as technology extended human's capacity to make observations of the 
natural world? 


ow important are material tools in the productionvor acquisition of 
nowledge? 


Other/experiments have shown that the nucleus also contains a neutral subatomic 
particle) the neutron, with nearly the sameymass as the proton. The relative 
masses and,charges of the subatomieparticles are shown in table 1. 


Particle Relative mass | Relative charge Location 


proton 


nucleus 
neutron 


electron negligible outside nucleus 


The electric;charge carried by a single electron is known as the elementary 
charge (ê) and it has a value of approximately 1.602 x 10° C. The charges of 
subatomic particles are commonly expressed in elementary charge units. For 
example, the charge of an electron can be represented as -e, and the charge 
of a proton as +e. The symbol e is often omitted, so it is customary to say that 
electrons and protons have charges of -1 and +1, respectively. 


<4 Table 1 Relative masses and charges for 
the proton, neutron and electron 


The actual masses and charges of 
these particles can be found in the 
data booklet. 
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Relevant skills 
e Tool 3: Apply and use SI prefixes and units 
e Tool 3: Use and interpret scientific notation 


Instructions 

1. Avariety of small lengths are shown in table 2. Without looking at their 
lengths, but rather based on what you know about each item, list these 
objects in order of size, from smallest to largest. 


Item Lengih 


_ proton, charge radius | 0.84 fm | 
sheet of paper, thickness 010mm / 
| onion cell, diameter & 250 um 
iodine-iodine bond, length RR 267m f 
| printed full stop, diameter ~ 0.30mm 4 
carbon atom, diameter. ‘| 150 pm 
|C,ofullerene, didiheter | ofm 


A Table 2 Lengths of various small items. 


2. Convertthe length values into metres and state.them in standard form to 
two significant figures. Refer,totthe following conversion factors: 
°¢ milli, m7 10° 
* micro, u: 10° 
e- ħdnahño, n: 10° 
© "pico, p: 1072 
~ femto, f 1075 

3. List the length values in table 2 in order of increasing size. Was the list you 
gave for question 1 correct? 

4. Conducta web search to find three more values to add to the list: one 
smaller than the values given in table 2, one larger, and one intermediate. 


(an) a Nine full reference for your information sources in question 4, 
fol ing your school’s citing and referencing system. 


Atomic number and the nuclear symbol 


As of 2023, there are 118 known elements, given atomic numbers 1 to 118. The atomic 
number of an element is also the number of protons in the nucleus of that atom. Gold, 
atomic number 79, has 79 protons, while carbon, atomic number 6, has 6 protons. As 
all the relative mass is in the nucleus, the difference between the atomic number and 
mass number is the number of neutrons in the element. Gold has atomic number 79 and 
mass number 197. Therefore, it has 197 - 79 = 118 neutrons. Each element is neutral, 
with no charge, so the number of electrons in a neutral atom must equal the number 

of protons. 


Structure 1.2 The nuclear atom 


Determine the missing values from the table. 


Chemists frequently use nuclear symbol notation, ox, to denote the number of 


neutrons, protons and electrons in an atom. A represents the mass number of the 
isotope, Z is the atomic number, and X is the chemical symbol (figure 5).Gold, 
for example, with mass number 197 and atomic number 79, would have a nuclear 


symbol notation of 1Y Au. 


mass number chemical symbol 
A=Z+N where for the element 
N = number of neutrons A 


A 
aX 


A Figure 5 The nuclear symbol notation 


atomic number = 
number of protons 


Atoms form compounds by sharing or transferring,electrons. As a result, these 
atoms sOmetimesiare no longer neutral, having more or fewer electrons than 
protons. For example, magnesium atoms react with oxygen atoms to produce 
the ionic compound magnesium oxide. Magnesium loses two electrons to form 
amagnesiumion with a 2+ charge, as the number of positively charged protons 
in the mucleus (12) istwo greater than the number of negatively charged electrons 
remaining (10). 


The resulting charge is also displayed in the nuclear symbol notation below: 


mass umber: 24 —————— 24 


(12 protons + 12 electrons) 


charge: 2+ 


(12 protons - 10 electrons) 


g- 
atomic number: 12 =] 2 Tt chemical element: Mg 


(12 protons) (magnesium) 


The oxygen atom gains the two electrons lost by magnesium to produce an oxide 


ion with a 2- negative charge. The nuclear symbol for the oxide ion is K OF, 


lonic bonding is discussed further 
in Structure 2.1. 


Deduce the nuclear symbol 
notation for an ion with 24 
protons, 21 electrons, and 28 
neutrons. 


A Figure6 Aportable tritium light source. 
The radioactive decay of tritium produces 
high-energy electrons (beta particles). 
These electrons hit a fluorescent material 
and make it glow in the dark 
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The overall chemical equation for the reaction between magnesium and oxygen is 
1 + a 
Mg + 50, > Mg” + O? 


Mg?* + O% is more commonly written as MgO, as the opposite charges.onthe 
two ions result in a force of attraction between them known as an ionic bond. 
lonic bonds hold the ions together to form solid magnesium oxide: 


G Linking questions ae WY 
P 


What determines the different chemical properties of atoms?(Structure 1.3) 


How does the atomic number relate to the positioniof an element inthe 
periodic table? (Structure 3.1) 


Isotopes (Structure,1. 2.2) 

Isotopes are different atoms ofthe sam&element with a different number of neutrons. 
As a result, they have different mass numbers, A, but the same atomic number, Z. 
Chlorine, for example, has two isotopes: one with mass number 35, au Cl, and one 


with mass number 37, DCI. They have similar.chemical properties, as they are both 
chlorine atoms with the same number ofelectrons, but different physical properties, 
such as density, because atoms of one isotope are heavier than atoms of the other. 


Naturally occurring hydrogen consists of two stable isotopes, hydrogen-1 
(protilim) andyhydrogen-2 (deuterium)sThe third isotope of hydrogen, tritium 
(figure 6) pis radioactive, so it doesnot occur in nature in significant quantities. 


Copy the.table below and complete it by deducing the nuclear symbols and/ 
or composition of these isotopes. 


phydrogen-] (protium) H 


hydrogen-2 (deuterium) ] 
hydrogen-3 (tritium) 3 


Atomic numbers of isotopes are often omitted in nuclear symbol notation. For 
example, the isotope of chlorine with mass number 37 can be written as CI. 

‘Cl’ tells you the isotope is chlorine and therefore must have an atomic number of 
17, so including the atomic number is not necessary. These isotopes can also be 
written with a hyphen, such as chlorine-37, or Cl-37. The relative atomic mass, 
A,, listed for each element on the periodic table is not a whole number because it 
is the weighted average of all isotopes of that element. 


Natural abundance (NA) of an isotope is the percentage of its atoms among 

all atoms of the given element found on our planet. If we know the natural 
abundances for all isotopes of an element, we can calculate the average A, of that 
element. The opposite task (calculation of natural abundances from A) is possible 
only if the element is composed of two known isotopes. 
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Worked example 1 
Calculate the A; for iron using the values in the following table. 


| “Fe 5.845 | 
| Fe | 91.754 

| SFe 2.119 

| Se 0.282 

Solution 


We know Ay = average of the natural abundance of each isotope multiplied by their mass.numbers. 
The natural abundance values add up to 100% so we divide by 100 to obtain the average. 


Therefore: 

Ap = 24X 9-845 + 56 x 91.754 + 57 x 2.119 + 58 x 0.282 _ 559] 
100 

Worked example 2 


There are two stable isotopes of chlorine: Cl-35 and Cl-37. Calculate the natural 
abundance (NA) of each isotope given that A, for chlorine is 35.45. 


Solution 


oo (A of isotope 1 x NA of isotope 1) + (A of isotope 2 x NA of isotope 2) 


r 100 
Therefore: 


(35 x NA of Cl-35) + (37 x NA of Cl-3Z) _ 35 45 
100 
Let x = NA of Cl-35, then 100 —x =NVA/of Cl-37. 


Substituting in the above equation gives: 
35x + 37(100 — x) @ 3545 

100 
Expandingġh®brackets and resolving the x terms gives: 
STOR R35 2 

100 
Then rearrange in terms of x: 
Po BIOP- 3545 
2 

x= 77.5 and 100 -x= 22.5. Therefore, the natural abundance of Cl-35 is 77.5% and Cl-37 22.5%. 


The,actual natural abundances of *°Cl and °’Cl are 75.8 and 24.2%, respectively. 


z : : Average A values for all elements 
The results’of,our calculations are slightly different because we used mass numbers, goer 


are given in the data booklet and in 
the periodic table at the end of this 
book. 


which are rounded values for the actual masses of the *°Cl and *’Cl atoms. 


A Figure 7 A pellet of enriched uranium 
used as fuel in nuclear reactors 


A> Figure 8 Austrian-Swedish physicist 
Lise Meitner in 1906 
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1d differ only in the number of neutrons 


ctron configuration (Structure 1.3), the 
l 
nng 
poiliig peint 

al higher than thése of normal 


their phy 


ably, especially in the of compounds conta 


For example, the de 
de, *H.O or D.O 
H,O), as she 


y, melting point and 


own in table 3 


Density at Melting Boiling 


Compound 4°C/ gem? point /°C point /°C 


100.0 
101.4 


A Table3 Physical properties of normal and’ heavy water 


Naturally occurring uranium consists oftwo main isotopes, °U and)*°U. The 
differences in physical properties of these isotopes are used for the enrichment 
(increase in the proportion of 5U over”?8U) of nuclear fuel (figure 7), as most 
nuclear reactors require.uranium with at least 3%,of 7°5U, while natural uranium 
contains only 0.72% ofthis. isotope. 


Enriching one type of isotope in a particular substance can also make it possible 
to track the mechanisms and progress of reactions..This is often referred to as 
isotope labelling. 


Developments in science and their applications may have ethical, 
environmental, political, social, cultural and economic consequences. 
Nuclear fission, whichvinvolves splitting up the nuclei of large atoms releasing 
colossal,amounts of energy, is one such development. It has led to the 
development of nuclear energy, as well as the atomic bomb. 

Elément 109¥ meitnerium (Mt), is named after Lise Meitner, the second 
womanim history to receive a physics doctorate from the University of Vienna 
(figure 8). Her work with Otto Frisch led to the discovery of nuclear fission, 
published in Nature in 1939. In later years, Meitner was invited to work on 
atomic bomb technology being developed in the US. She declined, famously 
stating “I will have nothing to do with a bomb!” 

Can you think of other scientific developments that have had important 
ethical implications? 
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Practice questions G Linking question 
]. State the nuclear symbols for potassium-39 and copper-65. Deduce the 

numbers of protons and neutrons in the nucleus of each isotope. How can isotope tracers 
2. Naturally occurring sulfur has four isotopes with the following natural provide evidence fora reaction 

abundances: 22S (95.02%), 285 (0.75%), “S (4.21%) and "S (0.02%). mechanism? (Reagaiyite 


Calculate the average A, value for sulfur. 


3. The actual A, value of sulfur is 32.07. Suggest why your answer to the 
previous question differs from this value. 


Mass spectrometry (Structure 1.2.3) 


The mass spectrometer (figure 9) is an instrument used to detect the relative 
abundance of isotopes in a sample. 


detector 


lightestparti¢les (stage 5) 


positive ions are (deflected most) 
accelerated in the electric 


field (stage 3) 


heating filament to vaporize 


t (st 4 
sample (stage 1) magnet (stage)4) 


heaviest particles 


sample (deflected least) 


inlet to inject Q 


electron beam to 
ionize sample (stage 2) 


A Figure9 Schematic diagram of a mass Spectrometer 


The sample is injected into the instrumentand vaporized (stage 1). The atoms 
within the sample are then bombardedwith high-energy electrons (stage 2). As 
aresult, the atoms lose some of their electrons to form positively charged ions, 
known as cations. For exampleycopper atoms can be ionized as follows: 


Cu(g) + e — Cu*@) 2e- 


The resulting ions are then accelerated by an electric field (stage 3) and deflected by 
amagnetic field,(stage 4). The degree of deflection depends on the mass to charge 
ratio(m/zratio). Particles with no charge are not affected by the magnetic field and 
therefore never reach the detector. The species with the lowest m and highest z will 
be deflected the most. When ions hit the detector (stage 5), their m/z values are 
determined and passed to a computer. The computer generates the mass spectrum 
of the sample, in which relative abundances of all detected ions are plotted against 
their m/z ratios (figure 10). 


ar 
E 


Structure 1 Models of the particulate nature of matter 


> Figure10 Mass spectrum ofa 


sample of copper 100 
80 
© 
5 
g 60 
v 
iz 
to 
w 40 
20 
(0) 
(0) 60 62 64 66 
m/z 
The operational details of the mass spectrometer will not.be assessed in 
examination papers. 
Worked example 3 


Figure 11 shows a mass spectrum from a sample of boron. Calculate the relative atomic mass, 
A,, of boron from this mass spectrum. 


100 
80.1 
2 
n 
[= 
B 
E 
2 50 
© 
2 
19.9 
0 
Oy” 2 AS e 10 12 


m/z 


A Figure11 Masssspectrumof boron 


Solution 

First, we néed to derive the information from graph. The peak at m/z = 10 represents an isotope with a mass 
number of 10, Which has a relative abundance of 19.9%. The peak at m/z = 11 represents an isotope with a 
mass number of 11, which has a relative abundance of 80.1%. 


We can then calculate A, by finding the sum of the relative abundance of each isotope multiplied by its mass 
number. The relative abundance values add up to 100%, so we divide the result by 100 to obtain the average. 


1X 80.1410 19.9 _ 108 
100 
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© Data-based questions 


1. Estimate the relative abundance of each isotope from figure 12. Use your estimates to calculate the relative 
atomic mass, A, for this element and identify the element. 


Figure 12 Massspectrum 
of unknown element 


iN 


w 


relative intensity 


N 


(0) 
203 204 205 A206 ,207 208 9209 


m/z 


2. Mass spectrometry is used for discovering the presence of specific elementsin geological samples, 
including those of cosmic origin. For example, cobalt and nickel are common components of iron meteorites 
(figure 14). 


Cobalt and nickel have similar properties and nearly identical.relative atomic masses. However, the isotopic 
compositions of thesetwo metalsyare very different, so they can easily be distinguished by mass spectrometry 
(figure 13). 


cobalt 


relative intensity 
relative intensity 


D 


58 60 62 60 
m/z m/z 


A Figurè3 Mass spectra of cobalt (left) and nickel (right) 


Estimate the relative abundance of each isotope for nickel. Use your estimates to calculate its 
relative atomic mass, A, and hence deduce whether cobalt or nickel has the larger A_. 


3. The actual A, value for nickel is 58.69. Suggest why your result in question 2 is different. 
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A Figure 14 Tamentit iron meteorite, found in 1864 in the Sahara Desert 


Mass spectra can befound in various databases on'the internet, giving you 
a chance‘toypractice calculating, average atomic mass values from authentic 
data. 


Relevant skills 

® Tooh2: Identify and.extract data from databases 

* “Wool 3: Percentages 

Instructions 

1. Using adatabase of your choice, search for the mass spectra of three 
different elements. 


2: From the mass spectra, calculate the relative atomic mass of each 
elements 


3. Compare your calculated relative atomic mass to that stated in the data 
booklet. Comment on any differences you observe. 


LG; Linking question 


How does the fragmentation pattern of acompound in the mass spectrometer 
help in the determination of its structure? (Structure 3.2) 


Structure 1.2 The nuclear atom 


End-of-topic questions 


Topic review 


1. Using your knowledge from the Structure 1.2 topic, 
answer the guiding question as fully as possible: 


How do nuclei of atoms differ? 
Exam-style questions 
Multiple-choice questions 


2. What is correct for Sor 


Protons | Neutrons Electrons 


3. Which values are the same for both 'H, and °H,? 
boiling point 
|. AHofcombustion 


ll. number of protons 
V. density 


and Ill only 
and IV only 
land Ill only 
, Iland Ill 


E O e g 


4. The naturally oceurring isotopes of lithium are®Li and 
’Li¢Which shows the correct approximatepercentage 
abundances for lithium? 


Percentage Percentage 
abundance of ®Li abundance of ’Li 


5. Which of the following statements are correct? 
Nearly all mass of the atom is contained within 
its nucleus. 

|. The mass number shows the number of 
protons in an atomic/Aucleus 


ll. Isotopes of the same element have equal 
numbers-Of protons. 


A. land llonly 

B. land Ill only 
C. llandJll only 
D.. 1I anall 


6. Which ofthe following species contain equal numbers 
ofneutrons in their nuclei? 


A. cobalt-58 and nickel-58 
B. cobalt-58.and nickel-59 
C. cobalt#59 and)nickel58 
D. cobalt-58 and cobalt-59 


Extended-response questions 


Z, The gold foil experiment involved firing alpha particles 
at.gold foil. This experiment is depicted in figure 1 on 
page 20. 


a. An alpha particle is a helium nucleus. State the 
nuclear symbol for an alpha particle. [1] 


b. Suggest the results of the gold foil experiment 
that would have been observed in each of the 
following alternative scenarios: 


i. Atoms are instead hard, dense, solid balls 


of positive charge. fl] 
ii. Atomic nuclei are instead negatively 
charged. fl] 
8. There are two stable isotopes of potassium: °K and = 
< 


“IK. The A, of potassium is 39.10. Use this information 
to determine the relative abundances of the two 
isotopes and sketch the mass spectrum of potassium 
metal. [3] 


9. “Dutch metal” is an alloy composed of 86% copper and 
14% zinc. This alloy closely resembles gold, so it is 
often used for making costume jewellery. Explain how 
Dutch metal can be distinguished from gold using 
mass spectrometry. [2] 


Electron configurations 


How can we model the energy states of electrons in atoms? C. = 


This question is complex with many layers. What are electrons? How do we know they exist in energy statef What various 
models about these energy states are there? a j 


According to modern views, electrons are quantum objects that behave as both particles A Waves) Although such’ 
behaviour has no analogues in our everyday life, we can visualize electrons in atoms as fuzzy, clouds. The shapesand © 
sizes of these clouds depend on the energies of electrons, which can have only certain, predsjed values. ND s 


P; 


Understandings 


Structure 1.3.1 — Emission spectra are produced by Structure 1. 
atoms emitting photons when electrons in excited states state fora give 
return to lower energy levels. i 


nd can hol 
Is contain 


Ons of opposite 
d number of orbitals, regions 
robability of finding an 


ission spectrum, the limit z 
equency corresponds to < 


Structure 1.3.2 — The line emission spectrum of Subl 


hydrogen provides evidence for the existence of 
electrons in discrete energy levels, which converge at 
higher energies. 


Structure 1.3.3 — The main energy level is KI 
integer number, n, and can hold a maximum N 


| 2 et 
pero . 7 — Successive ionization energy data 
Structure 1.3.4 — A more detailed ato! nt give information about its electron 
describes the division of the main€nergy level into s, p, d configuration. 
and f sublevels of successively hig nergi 


b 


Emission oo (Structure 1.3.1) 


Much of our understanding of electron configurations in atoms has come from 
( ® studies involving interaction with light. In the 1600s, Sir Isaac Newton showed 
fe / D b g that sunlight can be broken down into different coloured components using a 
A ON s ; 4 ~ Q prism. This generates a continuous spectrum (figure 1a). This type of spectrum 
y= L ? A A ø contains light ofall wavelengths, and appears as a continuous series of colours, 
i d A in which each colour merges into the next, and no gaps are visible. The classic 
N g example of a continuous spectrum is the rainbow. The wavelength of visible light 
N ,” ranges from 400 nm to 700 nm. 


A pure gaseous element subjected to a high voltage under reduced pressure 

will glow — in other words, it will emit light. When this light passes through a 
prism, it produces a series of lines against a dark background. This is known 

as an emission spectrum (figure 1b). In contrast, when a cold gas is placed 
between the prism and a source of visible light of all wavelengths, a series of dark 
lines within a continuous spectrum will appear. This is known as an absorption 
spectrum (figure Ic). 
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continuous spectrum 


emission spectrum 


cold gas absorption spectrum 


Hl ) 
A Figure1 The spectra generated from (a) visiblēlight of all'wavelengths (b) a heatēd:gas (c) visible light of all wavelengths 
passing through a cold gas 


A Figure 2 The aurora borealis (Northern Lights) in Lapland, Sweden. Charged high-energy particles from the Sun are 
drawn by the Earth’s magnetic field to the polar regions, where they excite atoms and molecules of atmospheric gases, 
causing them to emit light 
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Emission spectra can be observed through a simple 
handheld spectroscope by holding it up to a light source. 
Discharge lamps contain low-pressure gases which are 
ionized when a voltage is applied. 


Relevant skills 

e Tool 3: Construct graphs and draw lines of best fit 

e Inquiry 2: Identify and record relevant qualitative 
observations and sufficient relevant quantitative data. 

e Inquiry 2: Identify and describe patterns, trends and 
relationships 

e Inquiry 2: Assess accuracy 


Safety 

e Wear eye protection. 

e The discharge lamps will get very hot. Handle them 
with care. 

e Further safety precautions will be given by your 
teacher, depending on the exact nature of the 
discharge lamps. 


Materials 
e Discharge lamps 
e Handheld spectroscope 


Method 


HE 


2 


Observe natural light through the spectroscope,,Note 
down the details of the spectrum you observe. 
Observe artificial light from a computer screener 
LED. Note down the details of the spectrum you 
observe. 

Observe light from various discharge lamps. Note 
down the details of theemission lines you observe, 
including colours, wavelengths and number of lines, 


Questions 


Ale 
2: 


on 


Sketch the spectra you observed. 

Describe eachas a continuous, emission of 
absorptionspectrum. 

Look up the emission spectra of the’elements in 

he discharge lamps you observed. Compare the 
héoretical and observed emission lines, commenting 
on the number, coloursiand positions of the 
emission lines. 

ext, you will compareithe theoretical and observed 
wavelengths,of the emission lines. Construct a graph 
of theoretical Wavelengthiws observed wavelength. 
Draw adine of bestfit through your data. 

Comment on the relationship shown in your graph. 
Commention the accuracy of the observed 
wavelength data. 


Each element has it&own characteristic line spectrum, which can be used 

to identify the element, For example, excited sodium atoms emit yellow- 
orange lightiwith Wavelengths of 589.0 and 589.6 nm (figure 3, right). The 
same yellow-orange colour appears in a flame test of any sodium-containing 
substance. Like barcodes in a shop that can be used to identify products, line 
emissionspectra can be used to identify chemical elements. 


A Figure 3 Sodium streetlights (left) and the line emission spectrum of sodium (right) 
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Chemists often generate data from observing the 
properties of matter. Observations can be made 
directly through the human senses (often sight), or with 
instruments. Advancements in technology expand the 
boundaries of our observations, revealing otherwise 
imperceptible features or detail. Sodium vapour lamps 
emit orange-yellow light. As seen in figure 3, observing 
the light through a spectroscope reveals a strong 
emission in the yellow region of the spectrum. The light 
from helium lamps is also orange to the naked eye but the 
emission spectrum of helium is more complex (figure 4). 


What is the difference between observing a natural 
phenomenon directly and with the aid of an instrument? 


A Figure 4 Helium emission spectrum 


Flame testing is an analytical technique that can be used to 
identify the presence of some metals. The principle behind 
flame tests is atomic emission. Electrons are promoted 

to a higher energy level by the heat of the flame. When 
they fall back to a lower energy level, photons of certain 
wavelengths are emitted. Some of these photons are inthe 
visible region of the spectrum. 


A 
a i 


Potassium 


Strontium Sodium Copper 


A Figure 5 Flame test colours for different elements 


Relevant skills 
e Inquiry 2: Identify and record relevant qualitative 
observations 


Safety 

e Weareye protection. 

e J Take suitable precautions around open flames. 

* Dilute hydrochloric acid is an irritant. 

e  Awariety of different chloride salts will be used, some 
of which are irritants — avoid contact with the skin. 

e Dispose of all substances appropriately. 

e Further safety precautions will be given by your 
teacher, depending on the identity of the salts being 
analysed. 


Materials 

s Flametest wire (platinum or ni¢hrome) 

«= Small portion of dilute hydrochloric acid 

¢ Bunsen burner andyheatproof mat 

* © Small samples of various metal salts (e.g. LiCl, NaCl, 
Cl, Ca€l,~SrCl,, Cug) 


Method 

J. Clean the end ofthe flame test wire by dipping it into 

he HCI solution and placing it ina non-luminous Bunsen 

burner flame. Repeat until no flame colour is observed. 

2. Dip the end of the flame test wire into one of the salt 
samples, and place it in the edge of the non-luminous 
Bunsen burner flame, noting down the identity of the 
metal in the salt and the colour(s) you observe. 


(Be 


ys 


| 
3. Clean the wire again and repeat with other salt samples. 
4. Clear up as instructed by your teacher. 


Questions: 

]. Lookup the emission spectra of the metals you tested. 
Compare these to the colours you observed. Comment 
onany similarities and differences. 

2. Explain why the different metals show different 
flame colours. 
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One of the ways knowledge is developed is through reasoning. Reasoning can be deductive or inductive. 


Inductive reasoning involves drawing conclusions from experimental observations. Inductive arguments are “bottom 
up”: they take specific observations and build general principles from them. 


inductive reasoning (“bottom-up” approach): 
4. theory 


3. hypothesis —— | 


2. pattern 


1. observation 


For example, you might make the following observations about lithium salts; 
Lithium chloride gives a red flame test. 
Lithium sulfate gives a red flame test. 
Lithium iodide gives a red flame test. 
From these observations, you can make the conclusion thatall lithium Salts give red flame tests. 


Deductive arguments are “top down”: they infer specific conélusions from general premises. You do this all the time 
when asked to apply your scientific knowledge in a’newcontext. 


deductive reasoning (“top-down” approach): 


1. theory SAT ; 
2ehypothesis Que 


3. pattern 
4. observation 


For example, suppose your scientific’ knowledge includes the following existing premises: 
Lithium bromides a lithium salt. 
Lithium salts,give red flame tests? 

From thispyou could propose that lithium bromide gives a red flame test. 


What are the advantages and disadvantages of each type of reasoning? 

Can reasoning always be neatly classified into these two types? 

On whatgrounds might we doubt a claim reached through inductive reasoning? 
On what grounds might we doubt a claim reached through deductive reasoning? 


Visible light is one type of electromagnetic (EM) radiation. In addition to visible 
light, microwaves, infrared radiation (IR), ultraviolet (UV), X-rays and gamma rays 
are all part of the electromagnetic spectrum. 


The energy of the radiation is inversely proportional to the wavelength, A: 


] 


Electromagnetic waves all travel at the speed of light, c, ina vacuum. The speed 
of light is approximately equal to 3.00 x 10° ms. Wavelength is related to the 


frequency of the radiation, f, by the following equation: 


c=fxa 


High energy EM waves, such as gamma rays, have short wavelengths and high 
frequencies while low energy waves, such as microwaves, have long wavelengths 


and low frequencies. 


© Data-based questions 


f/Hz 


024 


energy 


106 


104 


A Figure 6 Thewavelength (A) of electromagmetic radiation is inversely 


gamma rays 
(y rays) 


(IR) 


radio waves 


A/m 
0-716 


04 


500 


600 


700 


proportional to both frequency andienergy of that radiation 


Compare the colours red and 
green in figure 6. Determine which 


colour has: 

a. the highest wavelength 
b. the highest frequency 
c. the highest energy 
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Look atthe spectra below. Explain how we know that stars are partly composed of hydrogen. 


3900 
4000 


4500 
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5500 
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7000 


A Figure 7 The hydrogen emission spectrum (top) and the absorption spectrum generated from the Sun (bottom) 


Structure 1 Models of the particulate nature of matter 


The line emission spectrum of hydrogen 
(Structure 1.3.2 and 1.3.3) 


Each line in the emission spectrum of an element has a specific wavelength, 
which corresponds to a specific amount of energy. This is called quantization: 
the idea that electromagnetic radiation comes in discrete packets, or quanta. 
A photon is a quantum of energy, which is proportional to the frequency of the 
radiation as follows: 


E=hxf 
Where E =the specific energy possessed by theyphoton, expressed in joules, J 
h = Planck's constant, 6.63 x 10] s 


f= frequency of the radiation, expressed in hertz, Hz, or inverse 
seconds, s7 


In 1913, Niels Bohr proposed a model of the hydrogen atom based on its 
emission spectra. The main postulates.of his theory were: 


]. The electron can exist only in certain stationary orbits around the nucleus. 
These orbits are associated with discrete energy levels. 


2. When an electron in the orbit with the lowest energy level absorbs a photon 
of the right amount of energy, it moves to a higher energy level and remains 
at that levelfor a short time. 


3. When theelectron returns to alower energy level, it emits a photon of light. 
This photon represents the energy difference between the two levels. 


Bohr's'theory was the first attempt to overcome the main problem of the 
Rutherford modeli@f.the atom (Structure 1.2). Classical electrodynamics predicted 
that orbiting electrons would radiate energy and quickly fall into the nucleus, 
making any,prolonged existence of atoms impossible. Bohr postulated that 
electrons did not radiate energy when staying in stationary orbits. 


Since electrons in the Bohr model of the atom could have only certain, well- 
defined energies, their transitions between stationary orbits could absorb or emit 
photons of specific wavelengths, producing characteristic lines in the atomic 
spectra. By measuring the wavelengths of these lines, it was possible to calculate 
the energies of electrons in stationary orbits. 


For a hydrogen atom, the electron energy (E,) in joules could be related to the 
energy level number (n) by a simple equation: 


where R,, = 2.18 x 1078] is the Rydberg constant. This equation clearly represents 
the quantum nature of the atom, where the energy of an electron can have 

only discrete, quantized values. These values are characterized by integer or 
half-integer parameters, known as quantum numbers. The principal quantum 
number (n) can take only positive integer values (1, 2, 3, ...), where greater 
numbers mean higher energy. 
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The most stable state of the hydrogen atom is the state at n = 1, where the 
electron has the lowest possible energy. This energy level is known as the 
ground state of the atom. In contrast, the energy levels with n = 2, 3, ... are 
called excited states. Atoms in excited states are unstable and spontaneously 
return to the ground state by emitting photons of specific wavelengths (figure 8). 


+energy a ae = ee ee 
; č ae r „nE 

— ( ) ‘oO --> ( Or 
eu = ©- ND D y b 


excitation decay 


A Figure 8 Electrons returning to lower energy levels emit a photon of light, hf 


Energy levels in atoms resemble ladders with varying distances between the 
rungs. Electrons cannot exist between energy levels, much like how you cannot 
stand between the rungs ofa ladder. Jumping up each rung or level requires a 
specific, discrete amount of energy, and jumping down arung or level releases 
the same amount of energy. 


An electron can be excited to any energy level, n, and return tany lower 
energy level. Electrons returning to n = 2 will produce distinct linés.in the visible 
spectrum of hydrogen (figure 9). 


Note that the red line has a longer wavelength and lower frequency than the violet 
line. The energy of the photon released is lower when an.electron falls fron = 3 to 
n= 2, than fromn = 6 ton = 2. In both cases, it represents the difference between 
two of the allowable energy states of the electron in the hydrogen atom. 


colour violet blue cyan red 
wavelength / nm 410. 434 486 656 
transition from B = OMe 5 n= 4 n=3 


4 Figure9 The visible lines in the 
emission spectrum of hydrogen 
show electrons returning from higher 
energy levels to energy level n = 2 
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n=7 
n=6 
n=5 
n=4 
n=3 
IR radiation 
n=2 


visible light 


UV radiation 


A Figure 10 Electron transitions for the 
hydrogen atom. Notice how the allowable 
energy levels get closer together when 
the electron moves further away from the 
nucleus. The energy difference between 
n= 3 andn= 2 is much smaller than that 
between n = 2andn=1 


Electron transitions to the ground state, n = 1, release higher energy, shorter 
wavelength ultraviolet light, while electrons returning to n = 3 produce lines in 


the infrared region of the electromagnetic spectrum (figure 10). 


It is important to note that electrons will absorb or release only the exact energy 
required to move between allowable energy states. Any excess willnot be 
absorbed, and if an insufficient amount of energy is supplied the electrons will 
not move. 


Energy levels closer to the nucleus hold fewer electrons. The maximum number 
of electrons in any energy level, n, is 2n?. For example, thelenergy level with n = 1 
holds up to two electrons, at n = 2 there could:be.a maximumyof eight electrons, 
n= 3 has a maximum of 18 electrons, and n = 4 has amaximum of 32 electrons, 


(art) Communication skills 


When explaining concepts, we sometimes use diagrams, graphs or images to 
help us convey our ideas more clearly. 

Prepare a written explanation ofatomic emission that does not include 

any diagrams. Exchange it with a partner. Giveteach other feedback, 
concentrating on: 

e Use of scientificvocabulary 

e Order inwhich,ideas are given 

e Whether any important concepts aremissing from the explanation. 


Whenvyou have shared each other's feedback, spend some time using the 
feedback to,make improvements ito.your work. Finally, choose a graph, image 
or diagram to accompany your explanation. Discuss why you chose it and 

~ whether or not it adds toithe explanation. 


Z, Linkif@iquaéstions 


What qualitative and quantitative data can be collected from instruments 
such as gas discharge tubes and prisms in the study of emission spectra 
from gaseous elements and from light? (Inquiry 2) 


| How do emission spectra provide evidence for the existence of 
j different elements? (Structure 1.2) 


How does an element's highest occupied main energy level relate to its 
period number in the periodic table? (Structure 3.1) 
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The quantum mechanical model 
of the atom (Structure 1.3.4) 


The Bohr model was an attempt to explain the energy states of electrons in 
atoms. It was based on quantization: the idea that electrons existed in discrete 
energy levels. According to Bohr, the emission spectra of hydrogen consisted 
of narrow lines because the wavelengths of these lines corresponded to the 
differences in allowable energy levels. However, this model was limited by 


several problems and incorrect assumptions: 


1. The model could not predict the emission spectra of elements containing 
more than one electron. It was only successful with the hydrogen atom. 


2. \|t assumed the electron was a subatomic particle in a fixed orbit about the 


nucleus. 


3. It could not account for the effect of electric and magnetic fields on the 


spectral lines of atoms and ions. 


It could not explain molecular bonding and geometry. 


5. Heisenberg’s uncertainty principle states that it is impossible to,precisely 
know the location and momentum of an electron simultaneously. Bohr’s 
model stated that electrons exhibited fixed momentum in/specific 


circular orbits. 


7 Á a 
The principles behind molecular 
bondingland.geometry are 
&plained in Structure 2.2. 


Because of these limitations, the Bohr theory has been eventually superseded by 


the modern quantum mechanical model of the atom, 


TOK 


The modern quantum mechanics combines the idea of 
quantization with the following)key principles. 
Heisenberg’s uncertainty principle.states that it is 
impossible to determine accurately both the momentum 
and the position of a particlessimultaneeusly. This means 
that the more we knowabout the position of an electron, 
the less we know about its momentum/and vice versa. 
Although itis Mot possible to pinpoint the location or 
predict the trajectory of an electron iman atom, we can 
calculate the probability of finding an electron in each 
region of Space. 

One.aim of the physical sciences has been to give an 

exact picture of the material world. One achievement... 

has been to prove.that this aim is unattainable. 

Jacob Bronowski (1908-1974) 


Whatarethe implications of this uncertainty principle on 
thé boundaries'of knowledge? 

Whatare the limits of human knowledge? 

Wave-particle duality is the ability of electrons and other 
subatomic species to behave as both particles and waves. 
Certain characteristics of these species, such as mass, 


momentum and the tendency to be absorbed or released 
as discrete entities suggest their particulate nature. 
However, photons, electrons, and even whole atoms and 
small molecules, are capable of interference (combination 
of waveforms), diffraction (bending around obstacles) and 
tunnelling (passing through obstacles), all of which are 
characteristic to waves. 

We have two contradictory pictures of reality; 

separately neither of them fully explains the 

phenomena of light, but together they do. 

Albert Einstein (1879-1955) 
The wave-particle duality of the electron is quantitatively 
described by the Schrédinger equation, which was 
formulated in 1926 by the Austrian physicist Erwin 
Schrödinger (1887-1961). Solutions to the Schrödinger 
equation give a series of three-dimensional mathematical 
functions, known as wave functions, which describe the 
possible states and energies of electrons in atoms. 
The concept of wave-particle duality illustrates the fact 
that objects of study do not always fall neatly into the 
discrete categories we have developed. What is the role 
of categorisation in the construction of knowledge? 
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Schrédinger’s wave functions describe the electrons in atoms in terms of their 
probability density, using Heisenberg’s idea that the momentum and position of 
electrons are uncertain. Instead of saying that electrons follow a defined travel 
path, this theory gives the probability that an electron will be found in a specific 
region of space ata certain distance from the nucleus. An atomic orbital is a 
region in space where there is a high probability of finding an electron. 


There are several types of atomic orbitals, and each orbital can/hold a maximum 
of two electrons. Each orbital has a characteristic shape and energy. The first 
four atomic orbitals, in order of increasing energy are labelled s, pyd, and f. 
Subsequent orbitals are theoretical, and these are labelledialphabetically 

(g, h, i, kand so on). 


The principal quantum number, n, introduced by the Bohr model represents the 
main energy levels. These energy levels are split into sublevels comprised of 
atomic orbitals. For example, for n = 1,2 and,3) the s atomic orbitals are 1s, 2s 
and 3s. As n increases, the s orbitals are further distanced'from thenucleus. 


A Figurell Ans orbital is spherical. The 
sphere represents the boundary space 
where there is a 99% probability of finding 
an electron. The s orbital can hold two 


ecran: Figure 12 shows that, for 1s, there isa high probability of finding electrons close 


to the nucleus and this probability never reaches zero when we move further 
away from the nucleus. For 2s, the highest probability is somewhat further away, 
although there is a small probability that an electron could be found closer to the 
nucleus. There is zéro probability of finding the electron between the two peaks. 
The same is true fon3s, with the highest/probability at an even greater distance 
from the nugleusjand two regions of zero\probability. 


(0) 50 
pm 
0) 50 100 
pm 
average radius as 
3s a i i ia 
(0) 50 100 150 


pm 


A Figure 12 The plots of the wavefunctions for the first three s orbitals 
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Imagine that you are a student waiting for your DP chemistry lesson to begin at 
8.00am. At 8.15am, there is still no sign of your teacher, so you wonder where 
they could be. Some students from your class suggest that the teacher: 


e is possibly in the staff room, the chemistry laboratory, or the library 
e could be in the school principal's office or in the school car park 

e — may be at their house in the town centre 

e might perhaps be at the airport 


e — might even have gone to the North Pole! 


Although the exact location of the teacher is unknown, it is possible to drawa 
three-dimensional cluster of dots showing areas where there is a high probability 
of finding the teacher. A boundary surface could be drawn around this cluster 

to define a region of space where there is a 99% chance of finding them. This 
might be the school perimeter, or the town where your school is located, or a 
certain region around the town that includes the airport. Similarly, an atomic 
orbital represents the region of space with a high probability of finding an 
electron (figure 13). 


<4 Figure 13 Representation of a 1s atomic orbital as 
a clusterof dots (left) and a sphere that encloses 99% 
of thedots (right) 


A p orbital is dumbbell shaped. There are three porbitals, each described with 

orientations parallehto the x, y and z axes(figure.14). These are labelled p, p, and 

p,. These shapesall deseribe boundaries with the highest probability of finding 

electrons in these orbitals. 
<4 Figure 14 The three p atomic orbitals 
are dumbbell shaped, aligned along the 
x, yand z axes. There is zero probability 


z z i 
of finding the electron at the intersection 
of the axes between the two lobes of the 
x x X  dumbkell. Each of the p orbitals can hold 
y y two electrons 
y 


Px Orbital Py orbital pz orbital 
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Current atomic theory evolved from previous models, each superseding the one that came 
before. Theories are comprehensive systems of ideas that model and explain an aspect of 
the natural world. Contrary to the use of the word “theory” in everyday language, scientific 
theories are substantiated by vast amounts of observations and tested hypotheses, which 


are amassed, documented and communicated by a large number of scientists. Q, ) 


800-400 BCE 1897 19130 
Aruni’s kana Thomson's “plum Bohr mod 
Democritus’ atomos pudding” model 


1803 1912 1926 
Dalton’s “billiard ball” Rutherford's mode Heisenberg’s uncertainty 
mode and regions of probability 
model 
o ode 
A Figure15 Theatomi seen the ideaðfato lve from indestructible spheres to the quantum mechanical 
model where electro ve specific energie: are in regions of high probability 
GS of theories can*you th it 


periodic table? (Structure 3.1) 


N What is the relationship between energy sublevels and the block nature of the 
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Electron configurations (Structure 1.3.5) 


Each atomic orbital type has a characteristic shape and energy. The s orbital is 
spherical and it has the lowest possible energy. There are three p orbitals, each 


oriented differently. There are five d orbitals and seven f orbitals, and these are 
higher in energy than s or p. = 


Á 
Qy 


Each energy level definec 
of orbitals (table 1). For 


Total number Maximum 

of orbitals number of 

perenergy | electrons within 
level (n?) | energy level (2n?) 


Principal 
quantum 3 
l per type 


] 
1 
p 3 
s 1 
E 3 9 18 <4 Table 1 Each energy level, defined by 
d 5 n, can hold 2n? electrons. The number of 
s 1 sublevels, or atomic orbital types, is equal 
ton. For n = 4 there are four types of orbitals 
4 p 3 16 32 (s, p, d, and f) with 16 atomic orbitals in total 
d 5 occupied by a maximum of 2(4} = 32 total 
f 7 | electrons 
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> Figure 17 Inorbital diagrams, each box 
represents an orbital. This diagram shows 
the number of orbitals for each sublevel. 
Arrows are drawn in the boxes to represent 
electrons. A maximum of two electrons 

can occupy each orbital, so each box has a 
maximum of two “arrows” 


State the following for the energy level with n = 5: 
the sublevel types 


the number of atomic orbitals in each sublevel 


the total number of atomic orbitals 


the maximum number of electrons at that energy level. 


Orbital diagrams 


For convention, an “arrow in box” notation called an orbital diagram is used 
to represent how electrons are arrangediin atomic orbitals (figure 17)», The 
arrangement of electrons in orbitals\is;called electron configuration. 


s sublevel (one box representing an S orbital) 


p sublevel (three boxes representing the three p orbitals px, py, and p3) 


dsublevel (five boxes representing the five d orbitals) 


fsublevel\(Seven boxes representing the seven f orbitals) 


Atomic orbitals are regions of space where there is a high probability of finding 
electrons. Electrons are charged negatively, and like charges repel each other, so 
two electrons should not be able to occupy the same region of space. Quantum 
mechanics solves this problem by using a + spin notation for each electron. A 
pair of electrons with opposite spins behave like magnets facing in opposite 
directions. Hence each orbital box is shown with an upwards half-arrow, 1, and 
one downwards half-arrow, | (figure 18). This is known as the Pauli exclusion 
principle: 


Only two electrons can occupy the same atomic orbital and those electrons 
must have opposite spins. 
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magnet analogy 


S N 


half-arrows representing 
electrons of opposite spin 
in an orbital 


TOK 


Electron spin is often interpreted as the rotation of the electron around its 
own axis. However, this interpretationshas no physigal basis»electrons in 
atoms behave like waves, and a wave cannot rotate. Unfortunately, neither 
the spin nor the wavedike behaviour of electrons can bevisualized in any way, 
as they have no analogues in our everydayilife and can be expressed only in 
mathematical form, This lack of visualization does not undermine the quantum 
theory. but rather shows the limits of human perception and, at the same time, 
the power of mathematics as theanguagelof science. 

To what extent.does mathematics support knowledge development in the 
natural sciences? 


Each of the atomic orbitals of the same type in one sublevel are of equal energy. 
Orbitals with the same energy are referred to as degenerate orbitals (figure 19). 


<4 Figure 18 Electron spin is represented 
by an arrow pointing up (positive spin) or 
down (negative spin) 


3d 


degenerate 


3p 
degenerate 3s [| 


2p 


energy 


a |] degenerate 


| Js 
] 


A Figure 19 The three 2p orbitals are 
degenerate as they have the same energy. 
These three degenerate atomic orbitals 
have lower energy than the three 3p orbitals 
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O @ Oo 
SC 


A Figure 20 The electrons are evenly 
distributed across the three degenerate 
2porbitals in nitrogen before aniorbital is 
doubly occupied 


An atom of boron (B) has five electrons, and its orbital diagram is drawn as follows: 


pee 
- 


2 
2s boron 
HH (B) 
|s2 


The single 2p electron in boron can occupy any of thethree orbitals, as they have 
equal energies. The degenerate 2p orbitals arerepresented by boxes joined 
together to show their energy equivalence. Traditionally, the half-arrow is drawn 
in the leftmost box, although it is a matter of personal preference. 


Hund’'s rule states that every degenerate orbital in a sublevel is singly 
occupied before any orbital is doubly occupied and thatall electrons in singly 
occupied orbitals have the same spin)This means that the three p orbitals must 
have one electron with the same spin in each of them before any orbital can 
become doubly occupied with an.electron of opposite spin (figure 20). 


Practice questions 


1. Look at figure\20. The 1s and 2s orbitals are fully occupied by electrons. 
Why do you think the 1s and 2s orbitals are filled before the 2p orbitals? 


2. State which of the diagrams below represents a correct electron 
configuration based on Hundis rule and the Pauli exclusion principle. 
State the reason for the fourincorrect diagrams being wrong. 


+(e eA 
ENP 
Wm Goo 
CE p 
= OT 


The Aufbau principle states that as electrons are added to atoms, the lowest 
available energy orbitals fill before higher energy orbitals do. The third and 
fourth energy levels contain d and forbitals (figure 21). These orbitals are typically 
filled after the s orbitals of the following levels because they are higher in energy. 
As shown in figure 21, the 3d sublevel has a higher energy than 4s but lower than 
4p, so Asis filled with electrons first, followed by 3d and finally 4p. For the same 
reason, 4d orbitals are filled after 5s, and 4f orbitals are filled only after 6s. 
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energy 


4f 


This is consistent with experimental data that show that potassium, K, and 


calcium, Ca have electrons in the 4s sublevel, not in 3d. 


aol [T] 
sp ATH 


s 


3s 
2p 


energy 


2s l4} 


s [iH 


Generally) the following orderis observed: 


Is< 2s </2p < 353p & 4s < 3d< 4p < 5s < 4d < 5p <6s<4f<5d<6p... 


Inthe IB Diploma Programme, only the electron configurations of atoms and ions 
up to Z = 36 will be assessed. Electrons in these species can fill sublevels up to 4p. 


Electron sharing and transfer are fundamental to understanding chemical 


reactions, so it igimportant to know the electron configuration of an atom or an 


ion. Thereare three ways to show the electron configuration: 
1. Full electron configuration 

2. Condensed electron configuration 

3. Orbital filling diagram (“arrows in boxes” notation) 


The orbital filling diagram for potassium is given in figure 22. 


<4 Figure 21 The 4s sublevel has a lower 
energy and will fill before the 3d sublevel 


Figure 22 Potassium orbital filling diagram showing the outermost 


3d [LLIa electronin the 4s orbital because 3d orbitals are higher in energy 


Copy the orbital diagram from 
figure 21 and complete it for the 
following elements in their ground 


states: 

a. aluminium, Al 
b. chlorine, Cl 
c. iron, Fe 


Refer to the periodic table at the 
back of this book to deduce the 
number of electrons in each atom. 
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Full electron configurations 


To write a full electron configuration, we use the periodic table, and “build up” 
the electrons in successive orbitals according to the Aufbau principle, Hund’s 
Rule and the Pauli exclusion principle. 


Worked example 1 
Determine the full electron configuration for the calcium atom. 


Solution 

The Aufbau principle states that as electrons aré added to atoms, the lowest 
available energy orbitals fill before higher energy orbitals do. From the Pauli 
exclusion principle, we know that each orbital will havea maximum of two 
electrons. 


The atomic number of calcium is 20.et's split the 20 electrons evenly across 
each orbital, starting with the lowest energy first, When writing electron 
configurations, the number of electrons within €ach sublevel is given in 
superscript, next to the sublevel: 


e The ls orbital has two electrons: 1s? 

e The 2s orbital also has,two electrons: 2s? 

e The three 2p orbitals have two electrons each, six in total: 2p° 
e The 3s orbital has two electrons: 8s? 


Practice question * The three 3p orbitals have three electrons each, six in total: 3p® 


This brings us up to 18 electrons, with two left over to go into the orbital with 
theinext lowest energy, 4s: 4s? 
So, for ealcium, the fullelectron configuration is 1s? 2s? 2p® 3s? 3p° 4s?. 


3. Determine the full electron 
configuration for the phosphorus 
atom. 


Condensedelectron configurations 


As the atomic number of an element increases, the full electron configuration 
gets longer and,it can be time-consuming to write. The chemistry of atoms and 
ions is mostly determined by their valence electrons, that is, the outermost 
electrons, rather than the inner core electrons. A more convenient way of writing 
electron configurations is to highlight the valence electrons and represent the 
inneneore electrons as having the same electron configuration as the previous 
group 18 (known as the noble gases) element in the periodic table: 


Condensed electron configuration = [previous noble gas] + valence electrons 


Table 2 shows some more examples of full and condensed electron configurations. 


> Table 2 Examples of fullandcondensed 


: à p Condensed 
electron configurations for selected Atomic > z 
elements Element A Full electron configuration electron 
configuration 
O | 8 | 1s?2s?2p* [He] 2s*2p4 
Ne 10 1s22522pë [Ne] 
> Mn | 25 ]s22s22pë 3s? 3p® 4s23d5 [Ar] As? 3d° 
Br | 35  [1s22s22p°3s23p°4s23d04p5 _| [Ar] 45234 4p" 


Structure 1.3 Electron configurations 


Worked example 2 


Determine the condensed electron configuration for the calcium atom. 


Solution 
In worked example 1, we determined the full electron configuration of 
calcium to be 1s? 2s? 2p® 3s? 3pë 4s?. 


The previous noble gas in the periodic table is argon, which has an atomic 
number of 18. Argon has an electron configuration of 1s?2s? 2p® 3s? 3p°, and we 
can therefore write the condensed electron configuration of calcium as [Ar] 4s?. 


Orbital diagrams can also sometimes be shortened by using a condensed 
electron configuration. The condensed orbital diagrams for oxygen and 
manganese are shown below. 


oxygen: [He] MEIRI 
2s 2p 
manganese: [Ar] AUN 
4s 3d 


(an) Self-management skills 


The ideas in this topic span a range of concepts and skills: from the quantum 
mechanical model of the atom, tô how towwrite electron configurations: 
Write a chapter summary, no‘longer than a sheet of A4 paper. 

Write three key takeaways from the chapter. 

List the key vocabulary you should know from this chapter. 


Write five brief questions that test your understanding of the ideas in this 
chapter. Make an answer key, then try them outon one of your peers. 


Exceptions to,the Aufbau.prineiple 


The Aufbau principle correctly predicts the order of filling of atomic orbitals for 
most elements. However, when atomsilose electrons to form ions, the electrons 
inthe sublevel with the highest principal quantum number (n) are lost first. 


So, fopMn, with electron configuration [Ar] 4s? 3d°, the 4s electrons will be lost 
first. This gives the manganese ion, Mn?*, with electron configuration [Ar] 3d°, 
not [Ar] 4s? 3d3. 


All elements with 3d valence electrons tend to lose two 4s electrons to form 2+ 
ions» hese are known as the 3d transition elements, or transition metals. If 
you lookat the periodic table at the back of this book, these elements are from 
scandium (Sc) to copper (Cu). These transition metals can also have variable 
oxidation states in compounds. 


There are some exceptions. With only one electron in its 3d orbital, scandium 
readily forms only Sc** ions, by losing this 3d electron and the two 4s electrons. 


Practice question 


4. Determine the condensed 
electron configuration for the 
phosphorus atom. 


The pati6dic table is Myce A 


\ according to the jype of A. 
À pe elgg ronsto einen 
arinehis is ni a further 


A | 
ict D 
«in Strdc ure 3 »\? 


THV 
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lonization and oxidation are 
covered in Structure 2.] and 
Structure 3.1. 


Deduce the electron configuration 
of the Cu” cation. 


> Figure 23 The expected 
and observed electron 
configurations of copper and 


chromium 


configuraron ! LOTT TY DA, et RT 
As! 


lonization energy anid periodic 
table trends are discussed further in 
Structure 3.1. | 


The ground state configurations of copper and chromium are also different from 
those predicted by Aufbau principle. 


The predicted electron configuration of copper is [Ar] 4s? 3d?, as the Aufbau principle 
suggests that the lower-energy 4s orbital should be filled first. However, theobserved 
ground-state electron configuration for copper is [Ar] 4s! 3d” (figure 23)..For 
chromium, the predicted configuration is [Ar] 4s? 3d* and the observed is [Ar] 48'3d° 
(figure 23). In each case, promoting a 4s electron to a 3d level leadsito. a more stable 
electron configuration. In the case of copper, this gives a full d sublevel, and in the 
case of chromium, there are no paired electrons but rather six halfoecuipied orbitals, 
each containing an electron with the same spin. 


Cu (Z= 29) Cr (Z=24) 


conflgwetion aa AFA TTT 4] AÀ O AR A 
3d4 As2 


3d9 452 


— 


3q!0 35 As! 


The electron configurations of chromium (Cr) and copper (Cu) are the only 
two exceptions that you need to know. Inall other elements up to Z = 36, the 
sublevels are filled with electronsaccordingto the general order. 


lonization energy (Structure 1.3.6 and 1.3.7) 


The quantum mechanical model of the atom helps to explain the trends and 
discontinuities in the first ionization energies (JE) of elements. lonization energy 
isthe minimum,energy. required to eject an electron out of a neutral atom or 
molecule in its ground state. 


X(g) + energy > X*(g) +e 


The columns in the periodic table are known as groups, and the rows are known 
as)periods. Going across the periodic table, the groups are numbered from 1 to 
18. The periodic table can be shown as four blocks corresponding to the four 
sublevels s, p, d, and f (figure 24). The sublevels holding the outermost valence 
electrons for each element are also shown. 


First ionization energy (ZE) generally decreases down the groups of the periodic 
table and increases across the periods. 


Going down a group, the number of sublevels increases. The outermost 
electrons are shielded from the pull of the nucleus by the electrons in the lower 
energy sublevels (so-called “inner electrons”). The more sublevels, the greater 
the shielding and therefore less energy is required to remove electrons from the 
outermost sublevel. 


Going across a period, the number of protons in the nucleus increases, so 
the outermost electrons are held closer to the nucleus by the increased 
nuclear charge. At the same time, the shielding effect remains nearly 
constant because the number of inner electrons does not change. 
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s-block ———————————_ main-group elements. ————————————— p-block 


transition elements 


A Figure 24 The blocks of the periodic table cor ond = © 
Therefore, more energy is required to re! N eo electrons, so 
iod. 


energy down a group and increasing 


Period 5 


2 10 18 36 54 
Atomic number 


A Figure 25 Plot of first ionization energy against atomic number for the elements from hydrogen to xenon 


> 
mR 
= 
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fy 

S 
Scientists look out for patterns and 
trends in the data they collect. 
The presence of discrepancies 
— results that do not fit the 
overall pattern — allows further 
conclusions to be drawn. 
What can be inferred from the 
patterns in successive ionization 
energies? 


There are two clear discontinuities across the period: 
1. Between the group 2 and group 3 elements 


The valence electron configuration of beryllium is 2s? while for boron it is2s? 2p’. 
The paired 2s? electrons shield the single 2p electron in boron from the nucleus, 
making the electron slightly easier to remove. 


2s 


Jsl 


MOD se 


2s2 2s2 


The same trend can be observeđħin comparing group 2 to group 3 elements 
in any period. For example, the 3s? electrons shield the lone 3p! electron in 
aluminium, so the first ionization energy of aluminium is lower than that of 
magnesium. 


Suppose you havea two-story building and.you need to remove one floor to meet 
new height regulations. Which floor would you remove? Obviously, it will be the 
top floor, asthe building would collapse otherwise! The same reasoning can be 
applied to the ionization of atoms electrons are removed first from the highest 
occupied energy level, and from the highest energy sublevel within that level. 


2. Between the group 15,and 16 elements 


From group 15 to 16\there is also a drop in ionization energy. The electron 
configurationof nitrogen is 1s? 2s? 2p? while for oxygen it is 1s? 2s? 2p*. 


Nitrogen has amore stable electron configuration than oxygen as it has a half- 
filledyp sublevel, and therefore more energy is required to remove an electron 
from nitrogen (figure 26). This is because the paired electrons in oxygen occupy 
the same region of space and have increased repulsion. However, in nitrogen, 
the three electrons in the 2p orbitals do not come into close proximity. 


more stable than p sublevels with 2 or 4 


electrons 


> Figure26 A ħalf-filled'p sublevel is N Hi => Nt eA] 
2p3 2p2 
2s2 


2s2 


} 
Ok » oie 
2s 2s 
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The most stable p orbital configuration is pë, a completely filled p sublevel, 
followed by p?, a half-filled sublevel. This is generally true for other sublevels. For 
example, d'° and d? electron configurations are also stable, which partly explains 
why chromium and copper do not obey the Aufbau principle (figure 23). 


Calculating ionization energy from spectral data s > 


As the principal quantum number of energy levels increases, the distance gv, 


= 
E 
< 


between the levels converges to a continuum. This can be observed by spectral 
lines converging in the hydrogen emission spectrum, shown in figure 27. 


GALE e27 Ultraviol i ht 
level 5 iti hydrogen and the resu 
level 4 an 
level 3 


level 2 


level 1 
high energy 


ultraviolet light 


The spectral lines in the hydrogen emission spectrum converge 
912A (figure 28). This repres the wavelength of light at which the 
atom is ionized. 


This wavelength can d to calculate the first ioniza ergy of hydrogen. 
@ 


<4 Figure 28 Hydrogen is ionized at 
the wavelength where the spectral lines 
converge in the emission spectrum 


1050 1100 
Wavelength / Å 


1150 1200 1250 


THV 
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The values of the speed of light, 
Planck's constant and Avogadro's 
constant are given in the data 
booklet. The mole and Avogadro's 
constant are discussed further in 
Structure 1.4. 


Practice questions 


5. Intheemission spectrum of 
the helium atom, the spectral 
lines,convergerat 5.05 x 10-&im. 
Calculate the first ionization 
energy, ink] mol'/ofhelium. 


6. \The first ionization,energyof 
calcium is 590 kj mol}. Calculate 
the wavelength of'convergence, 
in Agfor.the.calcium atomic 
spectrum. 


Worked example 3 
Spectral lines converge at 9.12 x 10m in the emission spectrum of the 
hydrogen atom. Calculate the first ionization energy of hydrogen in kj mol". 


Solution 
First, calculate the frequency of radiation using c =f x A, where cis.thespeed 
of light, approximately equal to 3.00 x 10° m s7. 


3.00 x 108mst=fx 9.12 x 10%m 
FEA TOERE] 
Then, calculate the energy using Planck’s constant and theeguation E = hX f 
ESOC K Op I X IO 
= 218 xX 1075] 
Alternatively, these two steps can be merged into one by using the 


hxc 
A 
This represents the energy ofa singleyphoton of lightwhichwould.be 


absorbed in exciting the electronin a hydrogen atom to the convergence 
level, or removing one eleetron fromthe atom. 

lonization energies are uSually given in k] mol“!. You can convert the ionization 
energy value to kj mol using Avogadro's constant (N,, the number of atoms 
in 1 mol) and the followingiequation: 

The ionizationenergy ink] mol 


(energy needéd to remove one électron from an atom) x N, 


equation E = 


1000 
_2)8 x 10%] x 6.02%10% mol" 


1090 
= 131x 10° kj mol 


Worked example 4 

The first ionization energy of Na is 496 kJ mol”' as given by the IB data 
booklet: Calculate the wavelength of convergence for the sodium atom 
spectrum in A. 


Solution 
First,find the energy of ionization for one atom by converting the given value 


from kj to J and dividing it by Avogadro's constant. 
496000) mol"/ 6.02 x 1073 mol7 = 8.24 x 10-9} 


Then calculate the wavelength of light using E = h A @ 
-34 a 4 
8.24x10"9] = 8.63 x10" 5 3.00 x loime 
A=2.41X107m 


= 2410A. 
This corresponds to the UV region in the electromagnetic spectrum. 


Successive ionization energies 


It requires more energy to remove the second and successive electrons from an 


atom because the number of protons exceeds the number of remaining electrons 


while the electron-electron repulsion decreases. 


Asa result, electron clouds are pulled closer to the nucleus and held tighter by 
the increased electrostatic attraction. Once all the valence electrons are removed 
so that only the stable noble gas configuration remains, the energy required to 
remove the next electron increases sharply, as shown in figure 29. 


lonization energy 
(kj mol") 


123 45 67 8 910 11 12 
Number of electrons removed 


Worked example 5 

The first five successive ionization energies for an unknown element X have 
the following values: 403, 2633, 3860, 5080 and 6850k] mol’. Deduce 
the group of the periodic table in which element X is likely to be found. 


Solution 

The largest increase in energy occurs from thefirst ionization (403 k} mol’) to 
the second (2633 kJ mol’). This means thatthe sécond electron is likely to be 
removed from a stable noble gas configuration of the atom. Therefore, the 
outermost energy level of the element contains one electron, so.the element 
belongs to group 1 of the periodic table. 


© Data-based question 


Using figure 30 and the.periodic table, explainthe two large jumps in the 
successive ionization energies for sodium. 


3 4 5 6 7 8 9 10 11 
number of electrons removed 


Figure 30 Successive ionization energies for sodium 
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Figure 29 Removing 10.electrons 

from magnesium gives.the noble-gas 
configuration 1s? or [He]. There isa 
considerable increase in.energy required to 
remove'the 11th electron 


Practice question 


7. The first five successive ionization 
energies of an unknown element 
have the following values: 

801, 2427, 3660, 25026 and 
32 827 kj mol”. Deduce the 
group of the periodic table in 
which this element is likely to 
be found. 
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Relevant skills 

e Too! 2: Extract data from databases 

e Tool 2: Use spreadsheets to manipulate data and 
represent data in graphical form 

e Tool 3: Construct and interpret graphs 


Instructions 

Part 1: Data collection 

1. Identify a database that contains successive 
ionization energy data for the elements (for example, 
WebElements). 

2. Choose one of the following elements: sulfur, 
chlorine, argon, potassium or calcium. 

3. Collect successive ionization energy data ina 
spreadsheet, labelling the columns as follows: 


A B 


1] element name: 
2 


ionization 


energy/ 
kj mol-! 


ionization 


a & Ww 


Part 2: Graphing successive ionization energies 
4. Plotaline graph of ionization energy vs ionization. 
Make sure that you present your graph suitably, with 
axis labels, suitable scales and a descriptive title. 
5. Answer the following questions: 
a. Identify the JE values that correspond to the 
innermost and outermost electrons. 
b. Explain why ionization energy increases with each 
successive electron. 
c. Explain how theygraph provides evidence for the 
existence of main energy levels in the atom. 


O Linking ducdtion’ 


Part 3: Graphing the logarithm of the ionization 
energies 


6. 


Title the third column in your spreadsheet “log 
(ionization energy)” as shown below: 


A B (g 
Í —— p 
1] element name: 


2 


ionization 
energy/ 
kj mol"! 


(ionization 


3 ionization 


Compute the logarithm of each ionization energy 

using the spreadsheet LOG (or LOG10) function. 

Construct a graph showing the logs of successive 

ionization energies by plotting log (ionization energy) 

vs ionization number. 

Answerthe following questions: 

a. “Identify the large increases in ionization energy 
that indicate a change in main energy level. 

b. Why is it useful to plot the logs of the ionization 
energies? 


Part 4: Evidence for the existence of sublevels 


10, 


12 


Construct a graph that will allow you to closely 
examine the electrons in energy level n = 2. Enlarge 
the graph and “zoom in” to inspect the increases 
closely. 


. Can you see any unusually large increases in 


ionization energy? Explain how they relate to the 
existence of sublevels. 

Experimental data is often organized into tables 

and later transformed into graphical forms. What 

is the role of graphical representations in the 
advancement of scientific knowledge? Are graphical 
representations employed in other subject areas? 


TOK 


Howdoes the trend in JE values across a period and down a group explain the trends 


in propertiés of metals and non-metals? (Structure 3.1) 


(Fy) Why are log scales useful when discussing [H+] and ionization energies? (Tool 3, Reactivity 3.1) 


z How do patterns of successive ionization energies of transition elements help to explain 
Zdi the variable oxidation states of these elements? (Structure 3.1) 
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End-of-topic questions 


Topic review 


1. Using your knowledge from the Structure 1.3 topic, 
answer the guiding question as fully as possible: 


How can we model the energy states of electrons 
in atoms? 


Exam-style questions 
Multiple-choice questions 


2. Which row is correct for the following regions of the 
electromagnetic spectrum? 


Ultraviolet (UV) Infrared (IR) 
A high short low energy | low 
i energy wavelength frequency 
B. high ow low energy | long 
energy requency wavelength 


c. high short high long 
ae wavelength | energy wavelength 


low energy 


ong low 
ieee wavelength | frequency, 


Which of the following sources ef lightwill produce a 
line spectrum when placed behindia prism? 


a gas discharge tube 
|. an incandêscent lamp 


ll. an alkali metal salt placed in a Bunsen burner 
flame 


and II only, 

anddllitonly 
and Ill only 
Miland til 


4s An electron transition,betweemenergy levels n= 4 and 
n= Min an isolated atom produces a line in the visible 
spectrum. Which electron transition in the same atom is 
likely to produce a line in the UV spectrum? 


9O 7 > 


A. fromn=4ton=1 
B. “from m= 4 ton=3 
G. fromn=3 ton=2 
D. from n=5ton=3 


5. What is the maximum possible number of eléctrons in 


the third energy level? 


A. 3 
B. 6 
Cc. © 
D. 18 


What is the electron eonfiguration of chromium (Z = 24) 
in the ground state? 


Which of the following is cotmect? 
A. @,,> IE, 
Be Molar ionization energies are measured in kJ. 


— 
T 
< 


C. The third ionization energy of the atom X represents 
the process: 
X7#(g) SEG e 
D. ‘lonization energies bane across a period going 
from left to right. 


Which statement about the first ionization energies of 

nitrogen and oxygen atoms is correct? 

A. IE( ) < ZE (O) because oxygen has two paired 
electrons in its partly filled sublevel 

B. TE ) > IE (O) because oxygen has two paired 

electrons in its partly filled sublevel 


C. TE ) < ZE (O) because oxygen loses an electron 
from a higher sublevel than nitrogen 


D. TE ) > IE (O) because oxygen loses an electron 
from a higher sublevel than nitrogen 

The first five successive ionization energies for an 

unknown element are 578, 1817, 2745, 11577 and 

14842 k} mol”. In which group of the periodic table is 

this element is likely to be found? 


A. 1 

Be A 
G Is 
D. 14 
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Extended-response questions 6. Sketch an orbital filling diagram for Al and deduce the 


an number of unpaired electrons. [2 
10. Explain, in your own words, why gaseous atoms 


produce line spectra instead of continuous spectra. [3 7. A transition element ion, X3*, has the electron 
configuration [Ar] 3d°. Determine the atomic number of 


11. State the full and condensed electron configurations for element. n 


the following species in their ground states: 
] 8. Sketch the condensed orbital filling diagram for 


a. titanium atom [ 

Bo eelenumatan m germanium and deduce the total number of p’orbitals 
abi containing one or more electrons. [2 

c. silicon atom [i 

d m caion [i 9. Describe, in your own,words, how the first ionization 

e anon i energy of an atom can bedétermined from its emission 
í spectrum. [2 


12. Determine which of the configurations below is 
impossible. Explain why it cannot exist. 


[2 20. Using the data booklet, explore the firstionization 
energies of the period 3 elements, fron sodiunr to 


1s 2s? 2p” 3s? 3p" argon. Explain the general trend and. discontinuities in 
1s? 2s* 2p® 3s? 3p these energies. E] 
13. Deduce and explain, which of the following electron 21. Thêfirstifour successive ionization,energies for an 
configurations represents a ground state. [2] unknown element X aré given in table 3. Deduce the 
is? 252 2p°Ss2 3p 4s 3d V Ap 5s! group of the periodietable in which element X is likely 
1522s? 2p® 3s? 3p® 4s? 3d" 4p8 5s! tobe found. fl] 


= 


14. Sketch the shape ofan s orbital. W 
IE,/ kj mol 


15. The diagram below (not to scale) represents some of the 1 738 | 
lect levels in the hyd tom. 
electron energy levels in the hydrogen atom J Te | 
n=7 3 | 7733 | 
a 4 10543 | 
=5 
" A Table 3 Successive ionization energies for element X 
n 
n=3 
n=2 
n=] 


Draw an arrow on the diagram to represent the lowest 
energy transition in the visible region of the emission 
spectrum of hydrogen. [1] 


How do we quantify matter on the atomic scale? 


Atoms are extremely small, so any physical object 
contains a huge number of these particles. There are 
more atoms in a glass of water than glasses of water 
in all of the oceans combined. The unit of the amount 
of substance, the mole, enables chemists to deal 


Counting particles 
by mass: the mole 


comfortably with large numbers of.very small particles. At 
the same time, the concepts of molar, relative atomic and 
relative molecular masses allow the use of small numbers 
for expressing masses of atomic species. 


Understandings 


Structure 1.4.1 — The mole (mol) is the Sl unit of amount 
of substance. One mole contains exactly the number of 
elementary entities given by the Avogadro constant. 


Structure 1.4.2 — Masses of atoms are compared ona 
scale relative to '*C and are expressed as relative atomic 
mass (A) and relative formula mass (M). 


Structure 1.4.3 — Molar mass (M) has the units@mol". 


Structure 1.414 — The empirical formula of a compound 
gives the simplest ratio. of atoms of each element present 
inthat Compound. The molecular formula gives the actual 
number of atoms of eachelement present in a molecule. 


Structure 1.425 — The molar concentration is determined 
by the amount oftsolute and the volume of solution. 


Structure 1.4.6 — Avogadro's law states that equal 
volumes of all gases'measured under the same conditions 
of temperature and pressure contain equal numbers 

of molecules. 


The mole (Stfucture 14.1) 


Atoms and molecules are so small that their masses cannot be measured directly. 
Even a million atoms of lead,.Pb, the heavieststable.element, would have a mass 
of only 3.4 x 107° g. This is too small to be weighed even on the most sensitive 
analytical balancepAt the same time, the number of Pb atoms in 1g of lead is 
huge, about 2.9 x 10%, which is hard to,imagine, let alone count. Therefore, 
chemists need anit that allows them to work comfortably with both very small 
masses and very large numbers of.atoms. This unit, the mole, was devised in the 
19thicentury and quickly became one of the most useful concepts in chemistry. 


The méle (with the.unit “mol”)is the SI unit of amount of substance that contains 
6.02214076 x 10% elementary entities of that substance. An elementary entity 
can be an atoma molecule, an electron or any other species. In this book, we 


will useethe rounded value of the mole: 1 mol = 6.02 x 10%. 


A Figure 1 One mole quantities 

of different substances (left to right): 
aluminium, water, copper, sucrose and 
sodium chloride 
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Prefix bol actor Avogadro's constant (N,) is the conversion factor linking the number of particles 
z and amount of substance in moles. It has the unit of mol”: 
pico p 10-12 
nena n 102 N, = 6.02 x 103 mol" 
micro H 10° In chemical calculations, Avogadro's constant is used in the same way aSany 
milli m 103 other conversion factor (table 1). For example, to convert kilogramsiinto grams, 
centi A 102 we need to multiply the mass in kg by 1,000. Similarly, to convertthe amount of 
: T = substance (n) into the number of atoms or any other structuraljunits (WN), We need 
deci g J 10 to multiply that amount by N,: ; 
kilo k 10% 
| Sax 
mega M 108 NERWEN: 
giga G 102 In chemistry texts, the term “amount of substance” is often abbreviated to just 


“amount”. p 
Worked example 1 o X 5 vy 
Calculate the amount of lead in and mmo ample containing 
2.9 x 102! atoms of this Sy 
Solution 


To findn, we ca n e equation N = as follows: 
N 
iS 
0 3 


nol, so 4.8 x 107 mol = 4.8 mmol. 


A Table] Decimal prefixes 


The use of correct significant A ers (4,8 x 10° mol and 4.8mmol) have been 
figures is discussed in the Tools for ro ignifi es, the same as in the least precise value used in 
chemistry chapter. e division (2. 


(art) Research skills 


Ua, ~ 
Xhe moles a huge number, and it is useful for counting particles because they 
» ‘small. Measuring amounts of everyday objects in moles can help use to 


: J Choose one of the following and conduct the necessary research to reach an 


Calculate: à y approximate answer. 
sa` the number of atomsin 3 e How many moles of grains of sand are in a desert of your choice? 
à 2. 5mol of coppermetal e How many moles of water molecules are in a large sea or ocean of your 
è choice? 


b. | the numberof molectilés in 


. ? 
0.25mo\or Netek One mole of human cells represents roughly how many people? 


e What is the age of the universe, in moles of seconds? 
c. the number of atoms in e How tall is a stack of one mole of sheets of paper? 
0.25mol of water e How many moles of air are in your school building? 
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Relative molecular mass and molar mass 
(Structure 1.4.2 and 1.4.3) 


In Structure 1.2, we introduced the concept of relative atomic mass, A, which 

is the ratio of the mass of a certain atom to one-twelfth of the mass of a carbon-12 
atom. Similarly, relative molecular mass, M_, is the ratio of the mass ofa molecule 
or other multiatomic species to one-twelfth of the mass of a carbon-12 atom. Both 
A, and M_are ratios, so they have no units. 


To find the M, ofa molecule, we need to add together the A, values for all atoms 
in that molecule. 


Worked example 2 


Calculate the M, for a molecule of water. 


Solution 

Water, H,O, is composed of two hydrogen atoms (A, = 1.01) and one.oxygen 
atom (A, = 16.00). Therefore M (H,O) = 2 x 1.01 + 16.00 = 18.02. 

You should always use the actual (not rounded) values of A, which are given 
in the data booklet and the periodic table at the end of this book. Similarly, 
keep all significant figures in calculated M, values and/never round them to the 
nearest integer number. 


Ifa substance is composed of ions instead of molecules, the M, for that substance 

is calculated using the smallest formula unità For example, calcium,.chloride 

(CaCl,) is an ionic compound.that consists of many calcium cations (Ca**) and 

twice as many chloride anions (Cb), Its smallest formula unit contains one Ca2* 

and two CI ions. The ions have approximately the same masses as neutral atoms The composition and structure of 

because the masses of electrons are negligible. ionic compounds will be discussed 
in Structure 2.1. 


Therefore, M (CaCl)= Ay(Ca) + 2 x A (Cl) 40.08. (2 x 35.45) = 110.98. 


Many ionic compounds form hydrates: compounds in which water molecules 
form coordination bonds (Structures2»2) withthe ions. One of the most common 
hydratesis copper(|l) sulfate pentahydrate, CuSO, * 5H,O. Copper(||) sulfate (és) 
pentahydrate forms large, clearpdeep-blue crystals (figure 2). The stoichiometric 
coefficient 15” before “H,O” means’that one formula unit of copper(II) sulfate is 
bound with five molecules of water. Therefore, the M, value for this hydrate can 
be caleulated as follows: 


Calculate the M, values for the 
following species: 


a. ammonia, NH, 


M{CuSO, * SH.) =A (Cu) + A(S) + 4 x A(O) + 5 x M (H,O) b. sulfuric acid, H,SO, 
= 63.55 + 32.07 + (4 x 16.00) + (5 x 18.02) c. sodium sulfate decahydrate, 
Na,SO,*10H,O 


2 


= 249.72 
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A Figure 2 Crystals of copper(ll),sulfate pentahydrate, CuSO, *SH,O 


Molar mass, M, of a.chemical substance is thesmass of 1 mol of that substance. 
Molar mass is numerically equal to relative’ molecular mass (for substances with 
molecular and‘ionic structures) or relative atomic mass (for substances with atomic 
structure). For.example, M(Na) = 22:99 gmol and M(H,O) = 18.02 g mol". 


A shared understanding of€6mmon terminology helps scientists to 
communicate effectively. This terminology is constantly being updated. 
Historically, the moleywas defined as the amount of substance that 
containedras many elementary entities (atoms, molecules, ions, electrons 
or other particles) as there were atoms in 0.012 kg (or 12g) of carbon-12. 
However, the numerical value of the mole (approximately 6.02 x 1073) had 
to be revised frequently, as the improvements in instrumentation allowed 
Scientists to measure mass with greater precision. 

On 16 November 2018, scientists from more than 60 countries met at the 
General Conference on Weights and Measures in Versailles, France. It was 
agreed here that all SI base units, including the mole, were defined in terms of 
physical constants instead of physical objects. Following these changes, one 
mole of a substance is now defined exactly as 6.02214076 x 1073 elementary 
entities of that substance. 


The 2018 redefinition of the mole means that the mass of 1 mol of carbon-12 
no longer equals 12 g exactly. As a result, the numerical values of M (defined 
through two exact SI quantities, the kilogram and the mole) no longer 
match the numerical values of their respective A orM, (defined through 

the experimentally determined mass of a carbon-12 atom). However, the 
differences between these numerical values are so small (approximately 

4x 10*%) that they can be ignored for all practical purposes. 

Why are constants and values continuously being revised and updated? 

How do scientists achieve a shared understanding of changes made to 
existing definitions? 
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The amount (n), mass (m) and molar mass (M) of any substance are related as 


follows: 
wee 
M 


This is probably the most common expression in chemistry, as it is used in almost 
all stoichiometric calculations. Although the base SI unit of mass is the kilogram, 
the masses of chemical substances are traditionally expressed in grams, and 
molar masses in g mol”. 


Worked example 3 


Table sugar is often sold in the form of cubes that are made almost entirely 
of sucrose. Sucrose is an organic compound with the molecular formula 
C.,H,,O,,- Calculate: 


2 22 anal lis 
a. the molar mass of sucrose 
b. the amount of sucrose in one cube (2.80 g) of sugar 


c. the number of oxygen atoms in one cube of sugar 


Solution 
a. MIC,,H,,O,) =12 x 12.01 + 22x 1.01 +11 x 16100 3342.34 
M(C,,H,,O,,) = 342.34g mol" 
m 
5 nE y Calculate: 
n(C,,H,,O,,) = 280g ®& 0.00818 mol a. the molar mass of sulfuric acid 
1222" 342.34 qahol" : ' 
HSO, 


c. One mole of sucrose contains 11 mol of oxygen atoms),so 


n(0)=11 x n(C ARO.) 


12 Z 


= 11 x 0.00818 mol=0.0900.mol c. the number of hydrogen 
N(O) =n(O)XN, = 010900 mol x 6,02%10* Mol" ~ 5.42 x 107 atoms in 1.00 g of sulfuric acid 


b. the amount of substance in 
1.00g of sulfuric acid 


A Figure3 There are more oxygen atoms in one sugar cube than the estimated total insect population on Earth (10°) and total grains of 
sand on Earth's beaches (10%) 
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Empirical formula, molecular formula and 
chemical analysis (Structure 1.4.4) 


The composition of a chemical substance with a molecular structure can be 
represented by a molecular formula, which shows the actual number of atoms 
of each element in the molecule of that substance. In contrast, the empirical 
formula shows the simplest ratio of atoms of the different elements that are 
present in the substance. The molecular and empirical formulas of the Same 
substance can be identical or different (table 2). For ionic c6mpounds, the 
empirical formula is the same as the formula unit, yi represents the simplest 
ratio of ions in the compound (figure 4). 


Substance Molecular formula Empirical formula 
oxygen O, O 
ozone o! : 48) 
water H4O H,O 
hydrogen peroxide | PaP ; A 
butane | CH. . GH, 
glucose í (CHO. yf “\ [CHO 
sucrose , \%] CHa ` CaO, 


A Table 2 Molecular and empirical formulas of selected substances 


A Figure 4 Sodium fluoride is an ionic compound with the empirical formula NaF. It 
is used in some countries as a food supplement to prevent tooth decay 


The number of atoms of a certain element is proportional to the amount of that 
element in mol (N = n X N,). Therefore, the empirical formula also shows the 
mole ratio of elements in a chemical compound. For example, one molecule of 
water, H,O, contains two atoms of hydrogen and one atom of oxygen, so the 
atomic ratio of hydrogen to oxygen in water is 2:1. Similarly, one mole of water 
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contains two moles of hydrogen atoms and one mole of oxygen atoms, so the 
mole ratio of hydrogen to oxygen in water is also 2:1. 


The elemental composition of a compound is often expressed in percent by 
mass, which is commonly referred to as the percentage composition, œ. The 
mole ratio can be used to calculate the percentage composition of acompound. 


Worked example 4 


Calculate the percentage composition of water. 


Solution 
Let n(H,O) = 1 mol, then n(H) = 2 mol and n(O) = 1 mol. Using m =n x M: 
(H) =2mol x 1.01gmol =2.02g 
(O) = 1 mol x 16.00 g mol = 16.00 
(H,O) = 1mol x 18.02g mol! =18.02g 
o(H) = 2028 x 100% w 11.2% 
18.02g 

@(O) = 100% — 11.2% = 88.8% 


n practice, chemists more often face the opposite problem of deducing 

he empirical formula for a compound from its percentageé.composition or 

other experimental data. The percentage composition can berdetermined by 
destruction analysis, in which the compound is combusted or decomposedjand 
he masses of the combustion or decomposition products are measured, 


The mass percentages of elements in a sample can be determined by various 
analytical techniques, such as fully automated combustion elemental analysis. 
na typical experiment, the sample is burned in excess oxygen, and the volatile 
combustion products are trapped.and weighed. These, weights are then 
converted into mass percentages ofichemical elementsiin the original sample. 


Worked example.5 


Iron and oxygen form several compounds (iron oxides). Deduce the empirical 
formula ofan oxide that contains.72.36% of iron. 


Solution 
If o(Fe) = 72.36%, then (O) = 100% — 72.36% = 27.64%. 
Let m{Fe O.) = 100g, then m(Fé) = 72.36 g and m(O) = 27.64g 


Usen=to determine the amount of each element: 


nfa 2:369 


1.296 mol 
55.85gmol" 
nOpS— 22649 1.728 mol 
1600gmol" 


The mole ratio x: y = 1.296 : 1.728 x 1: 1.333 x 3:4 


Therefore, the empirical formula of the oxide is Fe,O,,. 


Practice question 


Calculate the percentage 
composition of sulfuric acid, H,SO,. 


A Figure5 Fe,O, is the main component of the mineral 


magnetite, acommon iron ore 
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Determining the molar masses of 
gaseous. substances is discussed in 
Structure 1.5. 


Worked example 6 

Hydrocarbons are organic compounds of carbon and hydrogen. An 
unknown hydrocarbon has undergone combustion in excess oxygen 
to produce 26.41 g of carbon dioxide, CO,, and 13.52 g of water, HJO: 
Deduce the empirical formula of the hydrocarbon. 


Solution 
M(CO,) =12.01+ 2 x 16.00 = 44.01 gmol7 
n(CO,) = 26-419 _ x 0.6001 mol 
44.01 gmol7 
n(C) =n(CO,) = 0.6001 mol 
M(H,O) = 2 x 1.01 + 16.00 = 18.02 g molġ 
n(H,0) = 13-229 _ x 0.7503 mol 
18.02 gmol” 
n(H) = 2 x n(H,O) = 2 x 0.7503 moltz 1.501 mol 
All carbon and hydrogen atoms inthe combustion products originate from 


the hydrocarbon, C,H, so; 
The mole ratio x : y = 06001.50] x 1:2.5 =2:5 
Therefore, the empiri¢alformula’of the hydrocarbon is C,H.. 


We express empirical formulas as whole number ratios. Whole numbers are also 
known. as integers. In worked example 5, the ratio we initially calculated was 
comprised of two non-integer values: 1}296and1.728. To convert it toa whole 
number ratio, you divideeach term in the ratio by the smallest number in the 
ratio. This gives a ratio of 1 : 1.333, Then, you can use trial and error to determine 
a factor by which you should multiply the ratio to obtain the whole number ratio. 
Multiplying this ratio by 3, and'then subsequently rounding the result, gives a 
whole number ratiovof 3 : 4. 


The molecular formula of a compound can be deduced from the empirical formula 
if we know themolar mass of the compound. For example, you might determine 
experimentally that the molar mass of the hydrocarbon in worked example 6 is 
58.12gmolteThe molar mass of the empirical formula can be calculated: 


(12.01 x 2) + (1.01 x 5) = 29.07 g mol” 


The value of 29.07 is roughly half of 58.12, therefore the molecular formula must 
have twice the number of atoms as the empirical formula: C,H,,. 


Table 2 suggests that this hydrocarbon could be butane, C,H,,. However, we 
cannot be sure about it without further analysis, as there is another hydrocarbon, 
methylpropane, with the same molecular formula. Butane and methylpropane 
can be distinguished by measuring their boiling points (Structure 1.1) or 
comparing their infrared spectra (Structure 3.2). 


Practice questions 


1. Deduce the empirical formulas of the following compounds: 
a. an oxide of manganese that contains 36.81% of oxygen 


b. a hydrocarbon that produces 5.501g of carbon dioxide and 2.253 g of 
water upon complete combustion 


2. Deduce the molecular formula of the hydrocarbon from 1b if its molar mass 
is 42.09 gmol". 
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Relevant skills 


Tool 1: Measure mass 

Tool 3: Carry out calculations involving decimals 

and ratios 

Tool 3: Use approximation and estimation 

Tool 3: Construct and interpret graphs 

Inquiry 3: Explain realistic and relevant improvements 
to an investigation 


Safety 


Wear eye protection. 

Take suitable precautions around open flames. 

The equipment will get very hot. Take suitable 
precautions around it and do not touch it while it 

is hot. 

Magnesium burns with a very bright light. Do not look 
directly at it. 


Materials 


crucible and lid 
balance (+0.01 g) 
pipeclay triangle 
tripod 

heat-proof mat 
tongs 

magnesium ribbon 
Bunsen burner 


lid 


crucible 


coiled magnesium 
ribbon 


Bunsen burner 


A Figure 6f The experimental set-up 


Instructions 


ile 


Weigh a clean, dry crucible. 


2. Obtain a piece of magnesium ribbon (between 0/3 g 
and 1.0 g) from your teacher. Measure itsyexact’mass. 

3. Twist the magnesium into a loose’coiband,place it 
inside the crucible. 

4. Heat the crucible, with.its lid.on, over a roaring 
Bunsen flame. Periodically lift the.crucible lid torallow 
air to enter the crucibles 

5. Continue heating until the magnesium nolonger 
ights up. Then, remove the heat source andhallow the 
crucible tofCool for a few minutes, 

6. When the crucibleis cool weigh it. 

7. Heatthe crucible.and its contentsstrongly for an 
additional minute. Allow to cool and re-weigh. 
Repeat this heating-cooling-weighing cycle until the 
massis constant. 

Questions 

|: Process the data to determine the empirical formula 
of magnesium oxide. 

2. Compareyourexperimental empirical formula to the 
actual one. 

3. Obtain mass data from other members of your class. 
Plota graph of mass of magnesium oxide vs mass of 
magnesium. 

4. Identify any anomalies (if applicable) and draw a best 
fit line on the graph. 

5. Explain what the graph shows about the composition 
of magnesium oxide. 

6. Explain why you repeatedly heated and weighed the 
crucible until a constant mass was achieved. 

7. Identify and explain two major sources of error in this 
procedure. 

8. Suggest realistic improvements to the methodology 
that could minimize the sources of error you have 
identified. 

9. Reflect on the role of approximation and rounding in 


empirical formula calculations. When is it suitable to 
round to the nearest whole number? When is it not? 
Can you come up with a rule of thumb of when to 
round and when not to round? 


Structure 1 Models of the particulate nature of matter 


j 


Atoms, molecules and ions are so small that counting them directly is virtually 
impossible. The concept of the mole is powerful because it relates number of 
particles to mass, which can be easily measured. 

As with all measurements, mass has an uncertainty associated withpit: 
Consider the mass of a sample of calcium carbonate, CaCOyis found to be 
3.500 g + 0.001 g. This means the mass measurement can bevinaceurate by 
up to 0.001 g in either direction. This is clearly a minuscule mass: How many 
moles does it represent? How many particles does it represent? Do a quick 
calculation and find out. You will see that in moles.the uncertainty is tiny,but in 
terms of particles, it is quite large. 

Is a measurement uncertainty ever negligible? If so, when? Think aboutthese 
questions as you proceed through the-DP._ chemistry course, particularly when 
doing experiments that involve making measurements. 


Solutions and coneéentration 
(Structure 1.4%5) 


Many chemical reactions are carried out in.solutions, Solutions are easier to 
handle and mixthan‘solids or gases. Sometimes a solvent is used because it can 
affect the properties of dissolved substances or participate in chemical reactions. 


Solutionsare homogeneous,mixtures of two of more components. Each solution 
consists of asolvent and one or more-solutes. The solvent is usually the major 
component of the solution, so the properties of the whole solution are similar 

to the,properties of the solventeThe other components of the solution are 


Homogeneous and heterogeneous called solutes. For example, a solution of sugar in water is more like water (clear 
mixtures are discussed in colourless liquid) thansugar (white crystalline powder), so water is the solvent 
Structure 1.1. while sugar is thesolute. In this topic, we will consider only aqueous solutions 


(from theyLatinaqud meaning “water”), in which the solvent is water. 


solute ee 


solvent 


A Figure 7 How a solution is formed 


In some cases, the identity of the solvent is unclear: for example, if we mix 
ethanol and water, each of these liquids can be called a solvent. However, if 
water is present in the mixture, it is traditionally regarded as the solvent, even if 
itis not the major component. For example, we say “96% solution of ethanol in 
water” rather than “4% solution of water in ethanol”. 
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Solutions are often classified according to the mass or mole ratio between the 
solute and solvent. A concentrated solution contains a large proportion of 
solute, and so has a high ratio of solute to solvent, while a dilute solution has a 
small proportion of solute, and so has a low ratio of solute to solvent. Generally, 
the term “concentrated” refers to solutions with much more than 10g of the 
solute per 100 g of the solvent, and the term “dilute” refers to solutions with 
much less than 10g of the solute per 100g of the solvent. 


TOK 


Some words do not have precise definitions and their choice and 
interpretation is context dependent. The terms “concentrated” and “dilute” 
are not precisely defined and should be used with care. For example, most 
chemists would call a solution of 5g of sulfuric acid (H,SO,,) in 100 g of water 
“dilute”, as much higher proportions of sulfuric acid to water are commonly 
used in laboratories. At the same time, a solution of 5g of potassium 
permanganate (KMnO,) in 100g of water would be considered very 
concentrated by any medical worker, as typical concentrations of potassium 
permanganate in antiseptic solutions are less than 0.1 g per 100 of water. 
The concentrations in the examples above could be expressed numerically. 
To what extent does expressing a quantity numerically help or hinder the 
communication of knowledge? 


Quantitatively, the composition of solutions is expressed in terms of 
concentration. Molar concentration, c, also.knowmas,molarity, is the ratio of the 
amount of a solute to the volume of the solutions 


— soute 


C Solute = y 


solution 

The most common units for molariconcentration are mol dm™® (which is the same 
as mol L). For very dilutésolutions, smaller units (mmol am~? or umol dm) can 
also be used: 


1mmol dm? = 1 x 10% moldmr? 
1 umol dm? =x 10%mol dm? 


The units.of molar concentrationsare sometimes abbreviated as M (for mol dm?) 
or mM (formmoldm =). For example; the expression “2.5 M NaOH” means that 
each dm? of the solution contains 2.5 mol of sodium hydroxide. 


Note that the term “molanmconcentration” refers to a specific substance, not the 
whole solution. Foréxampleyit is incorrect to say that “the concentration of a 
sodium chloride solutions 1.0 mol dm?”, as itis not clear whether we are talking 
about the concentration of sodium chloride or water. The correct statement 
would be“ thesconcentration of sodium chloride in a solution is 1.0 moldm?". 


Molargoncentration is often represented by square brackets around the solute 
formula. Forexample, the expression [NH,] = 0.5 M refers to a 0.5 mol dm”? 
solution of ammonia. Similarly, the expression [CI] refers to the molar 
concentration of chloride ions in a solution. 
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Worked example 7 


Calculate the molar concentration of sodium chloride, in mol dm, in 
a solution prepared by dissolving 3.60 g of NaC\(s) in water to make 
25.0cm? of the final solution. 


Solution 
First, calculate the molar mass of sodium chloride: 


M(NaCl) = 22.99 + 35.45 = 58.44 g mol7 


Then usen = Wt calculate the amount of solute: 


n(NaCl) =, e 
58.44g mol” 


Convert the volume to dm? by dividing by,000: 
V(solution) = 25.0 cm? = 0.0250idme 


= 0.0616 mol 


Calculate the mass of sulfuric acid, Usec= yo calculate the concentration: 
H,SO,,, in 50.0 cm? of a solution 0.0616 mol 

2-4! t p E, 
where [H,SO,] = 1.50moldm®, e(NeCl = oso om 


The composition ofa'solution,is sometimes expressed as the mass 
concentration, P awg Of the solute, which is the ratio of the mass of the solute to 
the volume of the solution: 


p. = M iute 
aa VM... 
Worked examples 


Calculate the mass concentration of sodium chloride in the solution from 
worked example 7, 


Solution 


If we know the mass of the solute and the volume of the solution, we can 
ealculate the mass concentration as follows: 


3.60g = 
Calculate'the molariconcentration p(NaCl) = 0.0250dm2 144.gdm~ 
of sulfuric acidin mol dm? Alternatively, the mass concentration of NaCl can be found from its molar 
ina solution with p(H,SO,) = concentration and molar mass, using the relationship Pwe = Coue X Moute’ 


3 
SF Roms p(NaCl) = c(NaCl) x M(NaC)) = 2.46moldm2x 58.44gmol x 144g dm 


The most common units for mass concentration are g dm” and g cm”. Mass 
concentration and molar concentration of the same solute are related by molar 
mass, as follows: 


o = Pookie 
solute M 


solute 
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Worked example 9 

A standard solution was prepared by dissolving 6.624 g of sodium carbonate, Na,CO,, in deionized water 

using a 250 cm? volumetric flask. An analytical pipette was used to transfer 10.0 cm? sample of this solution to a 
100 cm? volumetric flask, and the flask was topped up to the graduation mark with deionized water. Calculate the 
concentration, in mol dm”, of sodium carbonate in the new solution. 


Solution 


First, we need to find the concentration of sodium carbonate in the standard solution: 
M(Na,CO,) = 2 x 22.99 + 12.01 + 3 x 16.00 = 105.99 g mol" 


n(Na,CO,) = 08249 — x 0.06250 mol 
105.99 g mol” 
V engar = 290cm? = 0.250 dm? 
Note that the accuracy of a typical volumetric flask is three significant figures. 
aO = 206250 o EO 
standar 0.250 dm? 


Then we need to calculate the concentration of sodium carbonate in the new solution. 
First, calculate the amount of Na,CO, in the sample. Remember to convert all volumes to dm?3 
= 10.0cm? = 0.0100 dm? 
Na,CO,) = Compt N@,CO,) =0.250moldm? 
Mixed a,CO,) = 0.250 mol dm x 0.0100 dm3 =,0.00250 mol 
When the sample is diluted with deionized water to*producethe new solution, the amount of solute does not change. 
Therefore 
Drew a,CO,) =n,,,(Na,CO,) = 0.00250 mol 
Now you can work out the concentration ofNa,CO,in the new solution by dividing the amount of Na,CO, by the 
volume of the new solution: 
V e = 100. cm? = 0.100'dme 


c _ (Na co.) = 2 ROOMY 6250 moldgang 
news 2-3" 0.100dr? 


sample 


Ceri 


It is a common practiceto store chemicalsin the form of concentrated solutions 


Practi ion 

(so-called stock solutions) and dilute them to the\required concentration when actice quest o 

needed. Stock solutions with a knowntcoñcentťration of the solute are called 3. A standard solution was prepared 
standard solutions. by dissolving 2.497 g of 


copper(II) sulfate pentahydrate, 
CuSO, ° 5H,O, in deionized 
water using a 100cm? volumetric 


To determine the concentration ofthe standard solution in worked example 9, 
we did the following two calculations: 


A Vv flask. A 5.00 cm? sample of this 


a n sample! Male : R 
i solution was diluted to 250.0 cm?. 
A = a Calculate the concentration, in 
new mol dm”, of copper(II) sulfate in the 


You know that Marnole =ne SO YOu Can substitute equation 1 into equation 2. This final solution. 
gives the following expression: 

CMe XV ample The process for preparing standard 
| solutions is discussed in the Tools 


= for chemistry chapter. 
Therefore, to calculate the concentration of a solute in a new solution, you just 


need to know the original concentration of the solute, the volume of the original 
solution, and the volume of the new solution. In summary: 


ce, XV, =c XV, 
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0.40 


absorbance 


Case study: spectrophotometry and calibration curves 


Spectrophotometry is an analytical technique based on the measurement of 
the intensity of visible, ultraviolet and near-infrared radiation. This technique 

is commonly used for determining concentrations of coloured substanc 
solutions. 


A spectrophotometer produces light of a certain wavelength, 
through a small sample of the studied solution. The photod 


standard solutions of the studied substance ar 
(figure 9), and their absorbances are measured. 
against concentrations, producing a calibration curve (figure 8). The: 
curve is then used for determining the unknown concentration of 
substance in the studied solution. . 


In the general case, a calibration 
absorbance, pH or electrical co 
the solute. The unknown cor i suring that property 
and plotting the result j 


A Figure9 A series of standard solutions of potassium permanganate 


Ideally, the calibration curve should be linear, pass through the origin and have a 
tilt of approximately 45°. If the curve does not meet any of these requirements, it 
should be constructed again using a slightly different wavelength of light and/or 
different set of standard solutions. Sometimes linearity can only be achieved within 
a narrow range of concentrations. In this case, the studied solution can be diluted, 
so the concentration of the studied substance falls within the range of calibration 
curve. In the last case, some additional calculations will be required to relate the 
concentrations of the studied substance in the diluted and original solutions. 
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Another technique, colorimetry, is based on the same principles as 
spectrophotometry but limited to visible light. The terms “colorimetry” and 
“spectrophotometry” are often used interchangeably, which is not entirely 


correct but very common. 


A standard solution is a solution of known concentration. 
In this activity, you will prepare two standard solutions 
of copper(|l) sulfate, each by using different equipment. 
By propagating the measurement uncertainties, you will 
assess the precision of the concentration values. You 

will determine the actual concentration of your solutions 
using a colorimeter. This will then allow you to assess the 
accuracy of the concentrations. 


Relevant skills 

e Tool 1: Measuring volume and mass 
e Tool 1: Standard solution preparation 

e Tool 3: Calculate and interpret percentage error and 
percentage uncertainty 

e Tool 3: Express quantities and uncertainties to an 
appropriate number of significant figures 

e Too! 3: Record measurement uncertainties 

e Tool 3: Propagate uncertainties 

e Inquiry 2: Assess accuracy and precision 


Safety 

e Wear eye protection. 

e Solid copper(l|) sulfate is an irritantand toxic to 
the environment 

e Dispose of all solutions appropriately. 


meniscus ofthe solution 


etchediline indicating 
volume, e.g. 250cm3 


volumetric flask contains 
a fixed volume of solution 
when the meniscus is on 
the etched line, 

e.g. 250cm3 


Materials 

e Wash bottle containing distilled water 

e Weighing boats (2) 

e 100cm beakers (2) 

e Stirring rods (2) 

e Funnels (2) 

e Pipettes 

e Spatula 

e Réagent bottles (2) 

e Blanklabels 

e .Colorimeter 

eh, Cuvettes 

e Calibration curve relating concentration of copper(I!) 
sulfate and absorbance 

* © Copper(|l) sulfate pentahydrate, CuSO,°5H,O 


Additional equipment for solution 1: 
e 100m? volumetric flask 
¢ “Milligram balance (three decimal places) 


Additional equipment for solution 2: 
* 100 cm? measuring cylinder 
e — Centigram balance (two decimal places) 


Instructions 

|. Use the equipment provided to prepare two 
copper(ll) sulfate standard solutions, both with 
concentration 0.020 mol dm. When preparing 
solution 1, you should use the volumetric flask and 
milligram balance. For solution 2, use the measuring 
cylinder and centigram balance. 

2. Record the measurements you make along the way, 

including their uncertainties. 

3. Following your teacher's instructions on how to use 

he colorimeter, measure the absorbance of your 

solutions. 

4. Refer to the calibration curve to determine the actual 

concentration of your solutions. 

Questions 

|. Determine the uncertainty of the concentrations of 
solutions 1 and 2. 

2. Calculate the percentage error of the concentrations 
of solutions 1 and 2. 

3. Assess the precision and accuracy of the 
concentrations of solutions 1 and 2. 
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4. Consider the way you have presented your 5. The construction of calibration curves involves 
calculations for the questions above. Do you preparing samples of solutions that cover a range of 
think they convey your thinking? Do you think concentrations. Instead of measuring and dissolving 
areader would be able to easily follow your a certain mass of solute the way you have done 
thought process? How could you improve here, chemists often start with a stock solution and 
the presentation of your calculations? You perform a serial dilution. Discuss the advantages 
may want to look through some of the and disadvantages of using a serial dilution in the 
worked examples in this textbook for ideas. preparation of samples for a calibration curve. 


Avogadro's law (Structure4e4,6) 


In 1811, Amedeo Avogadro suggested that equal volumes of any two gases 

at the same temperature and pressure contain equal numbers of molecules. 
This hypothesis has been confirmed in many.experiments and isnow known as 
Avogadro's law. 


Since the amount of a substance and the number of particles are proportional 
to each other, the amount ofa gas is proportional to its volume. Therefore, the 
volumes of two reacting gaseous species measured under the same conditions 
are proportional to the’amounts of these species: 


GERA 
n, Vy 


In turn, the amounts of reactants and products are proportional to their 
stoichiometric coefficients in a balanced chemical equation. As a result, if we 
know the volume of any gas consumed or produced in the reaction, the volumes 
of othengaseous substances can be found without calculating their amounts. 


Worked example 10 

The combustion offhydrogen sulfide, H,S, proceeds as follows: 
2H,S(g) + 30,(g) > 2H,O(I) + 2SO,(g) 

Calculate the\volumes of oxygen, O,(g9), consumed and sulfur dioxide, 

SO,(g), produced if the volume of hydrogen sulfide combusted was 

0:908.dm°. All volumes are measured under the same conditions. 


7 À Solution 
Practice question i a , P , 
s The ratio of the stoichiometric coefficients of H,S and O, is 2: 3. Therefore, 
4. Incomplete combustion of you can multiply the volume of combusted H,S by 3 to find the volume of 
hydrogen sulfide produces combusted O.: 2 
elemental sulfur insteadjof sulfur 3 3 3 3 j 
By oxibte: VO) =s5V 25) =5 X 0.908 dm = 1.36 dm 
The ratio of the stoichiometric coefficients of H,S and SO, is 1:1. Therefore 
2 2 fl 
PSIG) + O-o) > BRM) + 25(s) the volume of combusted H,S is the same as the volume of produced SO,: 
Calculate the volume of VISO.) = V(H.S) = 0.908 dm? 
combusted hydrogen sulfide if the 2 2 ' 
: Note that the volume of liquid water cannot be found in the same manner, as 
volume’ofoxygen consumed in ; 
Avogadro's law applies to gases only. 


this reaction’ was 1.25 dm?. 


G Linking question 


Avogadro's law applies to ideal gases. Under what conditions might the 
behaviour of a real gas deviate most from an ideal gas? (Structure 1.5) 
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End-of-topic questions 


Topic review 


ile 


Using your knowledge from the Structure 1.4 topic, 
answer the guiding question as fully as possible: 


How do we quantify matter on the atomic scale? 


Exam-style questions 
Multiple-choice questions 


2 


What is the number of oxygen atoms in 0.400 mol of 
copper(l|) sulfate pentahydrate, CuSO,°5H,O? 


A. 3.60 CG 2e oA 
B S) D SA00 


A sample containing 0.70g of calcium nitrate, 
Ca(NO.,),, is dissolved in water to a volume of 200 cm°. 
What is the concentration of NO,” ions in this solution? 
A. 3.5gdm% C. 0.021moldm*? 

B. 7.0gdm? D. 0.043 moldm? 

For which molecule is the empirical formula the same as 
the molecular formula? 

A CECO, C. Chg. CRaCH, 
By Gr COOCH CEE D. CH,COOK 
Which volume of a 5.0moldm’ sulfuric acid (H,SO,) 
stock solution is required'to prepare 0,50.dm* of a 


solution whose concentration of hydrogen ions is 
0.10 moldm3? 


A. 0.010 cm? C. 5 cm4 
B. 0.0050 cm? D. 10¢m: 


A studentobtained the following data during an 
experimental determination of the empirical formula of 
an oxide of tin; 


€ Mass of tin before heating = M78 g 

Mass of oxideof tin after heating to a constant 
mass = 2.26g 

According tothesedata, what is the correct formula of 

the oxideðf tin% 

Ae ®SnO 

B. SnO, 


C Sn0, 
D. SnO, 


Extendeéd-response questions 


7: 


Alums are salt hydrates of the general formula 
XAI(SO,), *° 12H,O, where X is an alkali metal or other 
singly-charged cation. When heated, most alums 
decompose as follows: 


XA\(SO,), * 12H,O(s) > XAI(SO,),(s) + 12H,O(!) 


11. 


Calculate: 

a. The molar mass of potassium alum, 

KAI(SO,), ° 12H,O. 

b. The amount of substance, in mol,in 100 g of 
potassium alum. 


c. The total numberofatoms in 1.00 g of 
potassium alum: 

d. The amount of water, in mol, that can bé produced 
by complete decomposition of 1.00 g of 
potassium alum. 


e. Thepercentage composition, by massyof 
potassium alum, [2 


To visualize the mole, a chemistry student decided to 
pileup 6.02 x 10%” grains ofsandy Estimate the time 
needed to complete this project if an average grain 

of sand weighs Smg, and the student can shovel 

50 kg of sand,per minute. [3 


Deduce the.empirical formulas for the following 
compounds: 
a. „an oxide of sulfur that contains 59.95% of oxygen [1 


b. an oxygen-containing organic compound, 5.00g of 
which produces 9.55 g of carbon dioxide and 5.87g 
of water upon complete combustion. {2 


. A standard solution of potassium sulfate, K,SO,,, was 


prepared from 8.7144 of the solid salt using a 250 cm? 
volumetric flask. Calculate the mass concentration, in 

g dm”, and the molar concentration, in mol dm, of 
potassium sulfate in the final solution. [2] 


The calibration curve in figure 7 was constructed using 
five standard solutions, in which the concentration of 
potassium permanganate, KMnO, varied from 0.100 

to 0.500 mmol dm”. Describe how you would prepare 
these solutions using serial dilution. [3] 


. Carbon monoxide, CO, is a toxic gas. Its combustion 


produces carbon dioxide, CO,(g). 

a. Deduce the balanced equation for the combustion 
of carbon monoxide. [1] 

b. Calculate the volumes, in dm?, of consumed carbon 
monoxide and oxygen if the combustion produced 
2.00 dm? of carbon dioxide. All volumes are 
measured under the same conditions. [2] 


Ideal gases 


How does the model of ideal gas behaviour help us to predict the behaviour of real sae 5 


As with any theoretical model, the concept of an ideal gas at low temperatures and high pressures the Behaviour of 
is a simplification that has its advantages and limitations. In real gases deviates significantly from the | prédiction, so the 
many cases, it predicts the properties of real gases with a ideal gas model cannot be used_under these Conditions. 


precision sufficient for most practical purposes. However, 


Understandings 


collisions between particles are considered elastic. 


Structure 1.5.2 — Real gases deviate from the ideal gas model, particula : 
Structure 1.5.3 — The molar volume of an ideal gas is a constant at a specific penuh and p 


Structure 1.5.4 — The relationship between the pressure, volum re and amount of an ideal gas is shown in 


V 
the ideal gas equation pV = nRT and the combined gas Weal 


ay 


[~ 


4 


AssfMyptians ofthe iat Gas 
mOdel (Structure 1:571) 


\The ideal gas model states thatan ‘ideal gas conforms to the following five 
asumptions: 


wil. Molecules iag gav’re in constant random motion 


This means thatGas molecules are not stationary. They move in straight lines 
© until wey collide with another gas molecule or the side of a container. 


\2/ Collisions between molecules are perfectly elastic 
> ¥ =» y a win inelastic collisions of larger objects, energy can be transferred as heat 
f j 4 } or sound. However, the collisions between molecules in an ideal gas are 
} ~ perfectly elastic and no energy is lost from the system. 


AÁ : A 3. The volume occupied by gas molecules is negligible compared to the 
~ I volume of the container they occupy 
N » á Vaporized water occupies 1600 times the volume of liquid water at 273.15 K 
ag (0 °C) and 100 kPa pressure (standard temperature and pressure, STP). 
Nitrogen gas occupies about 650 times the volume of liquid nitrogen under 
the same conditions. In both cases, the number of molecules in liquid and 
2 i gaseous phase is the same and the size of individual molecules has not 
changed, but the volume of the gas is >99.9% empty space. This is the 
space in which the gas molecules are free to move. 


ERA 4. There are no intermolecular forces between gas particles 
Intermolecular forces are studied in 


Saue 2) For an ideal gas, the intermolecular forces are negligible compared to the kinetic 


energy of the molecules. As such, an ideal gas will not condense into a liquid. 
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5. The kinetic energy of the molecules is directly proportional to Kelvin 
temperature 


This relationship is studied in Reactivity 2.2. 


Pressure—volume relationships 


Robert Boyle (1627-1691) established that, at constant temperature, the 
pressure of a given amount ofa gas is inversely proportional to its volume. This 
relationship, now known as Boyle’s law, can be expressed as follows: 


A Figure 1 Anideal gasiconsists of 
particles that collide elastically, have no 
intermolecular forces and occupy.negligible 
volume when compared.to thevolume of 
the gas (the.container) 


pe 1 or pV =k (a constant) or 


V P,V,= PV, 


In figure 1, the molecules of a gas are constantly striking and bouncing off 

the walls of the container. The force of these impacts produces a measurable 
pressure. If the volume is halved, there are twice as many molecules in each unit 
of space, so every second there are twice as many impacts with the container 
walls, so the pressure is doubled (figure 2). 


volume halved 


pressure doubled 


A Figure 2 Halving the volume of a container doubles.the pressure 


pressure, p 
pressure, p 


TOK 


Models are simplified 
representations of natural 
phenomena. The ideal gas model is 
built on certain assumptions related 
to the behaviour of ideal gases. 


reciprocal volume, 1/V 


volume, V 


A Figure 3 Graphs showing the inverse relationship between pressure and 


vajume ofan ideal gs What is the role of assumptions 


in the development of scientific 


The SI unit of pressure is the pascal (Pa), where 1 Pa = 1Nm*=1}m. Many models? 


other units,of pressure are commonly used in different countries, including the 
atmosphere (atm), millimetres of mercury (mmHg), bar, and pounds per square 
inch (psi). Standard temperature and pressure conditions (STP) are frequently 
found in databases for comparative purposes. STP for gases is 0 °C or 273.15 K 
temperature and 100.0 kPa pressure. 


What are the implications of 
not acknowledging a model's 
limitations? 
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Worked example 1 

A weather balloon filled with 32.0 dm? of helium at a pressure of 100.0 kPa 
is released at sea level. The balloon reaches an altitude of 4500 m, where 
the atmospheric pressure is 57.7 kPa. Calculate the volume, in dm?,,of the 
balloon at that altitude. Assume that the temperature and the amount of 
helium in the balloon remain constant. 


Solution 
: V xp 
From Boyle's law, it follows that V, = = sO: 
32.0 dm? x 100kPa a 
V, =z © 55.5dm 
Practice question 


1. Ata certain altitude, a weather balloon’has atemperature of -35.0 °C and 
a volume of 0.250 mê. Calculate the’pressure, in kPa), inside the balloon if 
contains 16.0 g of helitim, Helg). 


Real gases vs idéal gases (Structure 1.5.2) 


When the volume ofa real gas decreasesysignificantly, the molecules may 

begin to,occupy.a large proportion ofthe container. With so little space to 
move, intermolecular forees become significant. This decreases the number 

of gollisions, reducing the pressure. This means that, for a real gas, the inverse 
relationship between pressure and volume no longer applies. Figure 4 shows a 
graphof pressure against volume for a real gas and an ideal gas. For the real gas, 
doubling the pressure no longer halves the volume. 


real gas 


ideal gas 


pressure 


o volume 


A Figure 4 Doubling the pressure halves the volume for 
an ideal gas but not for a real gas 
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For a gas to deviate from ideal gas behaviour, there must be detectable 
intermolecular forces and/or a significant volume of the gas must be occupied by 
the molecules themselves. This commonly occurs at a low temperature and high 
pressure. 


Low temperature: At low temperature, the kinetic energy of the gas molecules 
is reduced. As they collide with one another, intermolecular forces of attraction 
form and molecules may not necessarily rebound elastically. 


High pressure: At high pressure, there are more molecules in a reduced space. 
The volume of the molecules becomes a significant part of the volume of the gas. 
As molecules themselves cannot be compressed, only the space between them, 
the relationship between pressure and volume is no longer inverse, so the gas is 
not considered to be an ideal gas. 


Ideal gas conditions keep molecules far apart and prevent interaction between 
them. The conditions for an ideal gas behaviour are low pressure and high 
temperature. At low pressure, there are very few molecules per unit of volume 
in the container, so the space occupied by the molecules themselves is 
negligible. At high temperature, the molecules are moving too fast to allow for 
intermolecular forces of attraction to form. 


]. Outline the main assumptions behind theideal gas model. 


2. Discuss what conditions of pressure and temperature are likely to lead to 
deviations from ideal behaviour. 


3. Consider how each of the following might affect the validityiof theideal 
gas model: 


a. Strong intermolecular forces 
b. Large molecular volume 


4. For each of thefollowing pairs, predict which is more likely to exhibit 
ideal behaviour and give a reason: 


ae» gas’at low pressure 
or 
gas athigh pressure 


b. gasat low temperature 
or 
gas at high temperature 


c. hydrogen fluoride, HF(g) 
of 


hydrogen bromide, HBr(g) 


d/ methane, CH,(g) 
op 
decane, C,,H,,(g) 


e. propanone, CH,COCH,(g) 
or 
butane, C,H,(g) 
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neon; N e 0.208 ] 
Q: tane, C,H, 19.09 0.1449 
an 25.88 0.1568 


Gases that deviate from the ideal gas model are known as 


real gases. (pta ) (v- p = atey 


Relevant skills 
* Tool 2: Use spreadsheets to manipulate data. measured 
pressure corr 
e Inquiry 1: Select sufficient and relevant sources of correction for fi e 
information. forces between 


e Inquiry 1: Demonstrate creativity in the designing, molecules 


implementation or presentation of the investigation. 


Instructions p 
Parameter a corrects forintermolecular force:strength.a 


The relationship between pressure, volume, amount and d. Values of a 
temperature of real gases is modelled by the van der 
Waals equation: 


Substance a/X1o Pa mêm ol? 


ammonia, NH, K2 es 


argon, Ar 
butane, C,H,, 
butan-l-ol, C,H, OH 


Fal : - 
chloromethane, CH,CI AS 7666 O 0.0648 
ethane, C,H, ie 80 0.0651 
ethanol, C,H.OH 12s 0.0871 


20.94 


346 0.0238 
4.500 0.0442 
3.700 0.0406 
9.565 0.0739 
5.193 0.0106 
2.303 0.0431 
methanol, 9.476 0.0659 


helium, He 


hydrogen bromide, HBr 


hydrogen chloride, 


hydrogen fluoride, 


9.39 0.0905 


16.26 0.1079 
water, H, 5:537 0.0305 
xenon, Xe 4.192 0.0516 


A Table 1 Van der Waals parameters, a and b, for a selection of gases 


Structure 1.5 Ideal gases 


1. Use a selection of the data in table 1 to explore some You will need to decide how much data to select, and 
of the factors affecting the values of a and b. For how to analyse it. Depending on which option you 
instance, you could look at: choose to explore, you may need to perform calculations 


e — intermolecular force strength and the value of a 


and/or look up additional data. 


e molar mass and the value of b 2. Consider how you could present.yourdata 
e the effect of volume on the deviation from ideal : 


gas behaviour. 


G Linking question 


Under comparable conditions, why do some gases deviate more from ideal 


behaviour than others? (Structure 2.2) 


The molar volume of an ideal gas 
(Structure 1.5.3) 


Avogadro's law states that equal volumes of any two gases atthe same 


temperature and pressure contain equal numbers of particles: The molar volume 
of an ideal gas is a constant at specified temperature and pressure. For example, 


at STP, the molar volume of an ideal gas, V gis equal to 22.7 dm? mol". 


@ ave 


2.02 gmol-! 4.00 g mol"! 16.05 g@mol-! 32.00 gmol! 70°90 g mol! 


A Figure 6 Molar volume’of any. gas is identical at a given temperature and pressure 


Worked example 2 


A 2.00'dm?sample of an unknown gas at STP has a mass of 2.47 g. 
Determine the molar mass, in gmol-}, of the gas. 


Solution 
W Z 200dm A- 9. 6881 mol 
P, 22.7 dpàpol 
=™ =_ 241 9/ $28 0gmol 
n 0.0881 mol 
Practice question 


2. Determine the molar mass, in g mol”, ofan elemental gaseous substance 
that has a density of 3.12 g dm” at STP. Identify the substance if its molecules 


are diatomic. 


graphically. Prepare a onespage summary of 
your exploration to share with your class. 


Avogadro's law is covered in 
Structure 1-4 


28.3 cm 


V=22.7 dm? 


A Figure5 Molar volume ofan ideal gas 
compared with a soccer ball 
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Amedeo Avogadro postulated that equal volumes of different gases would 
contain equal numbers of particles under the same conditions of température 
and pressure. This became known as Avogadro's hypothesis. 


A hypothesis is a tentative and falsifiable explanation or description,efamnatural 
phenomenon, from which predictions can be deduced. Predictions can then 
be used to test the hypothesis. 


What predictions might be derived from Avogadro's hypothesis? 


The ideal gas equation can be used to determine the 
molar mass of a gas by collecting a known volume of it 
under known conditions of temperature and pressure. In 
this practical you will experimentally determine the molar 
mass of butane found in disposable plastic lighters. 


Relevant skills 


e Tool 3: Record uncertainties in measurements as a 
range to an appropriate precision and propagate 
uncertainties in processed data. 

e Tool 3: Calculate and interpret percentageerror 

e Inquiry 2: Assess accuracy and precision. 

e Inquiry 3: Identify and discuss sources anchimpacts.of 
systematic and random error. 

e Inquiry 3: Evaluate the implications ef methodological 
weaknesses, limitations and assumptions on 
conclusions. 


e — Inquiry 3: Explain realistic and relevant improvements 
to an investigation. 


Safety 


e Wear eye protection. 
e Butane gas is flammable. Keep away from,open flames 
and sparks, 


Materials 


* “Disposable plastic lighter 

* à Large container, for example a large plastic trough 
* 100cm? measuring eylinder 

es Balance (+0.01 9) 

* Clamp andistand 

* Ahermometer 

e Barometer (if available) 


Instructions 


le easure ambient pressure with a barometer. 
Alternatively, you can search/local Weatherdata for 
atmospheric pressure in your geographic location on 
he day you do the experiment, 


2.» Halil the plastic trough with water. Measure the 
temperature of the water. 


3. Fillthe measuring cylinder to the brim with water 
and invert itán the trough.so that its mouth is under 
water. lIfdOne correctly, the measuring cylinder 
should be full of water. Hold it in this position with a 
clamp (figure’7). 


4. Submerge the lighter in water, then take it out again 
andidry it thoroughly with a paper towel. Weigh the 
lighter. 


57 Hold the lighter under water and press the button 
on the lighter to release the gas so that it bubbles up 
inside the measuring cylinder (figure 7). Continue until 
you have collected around 100cm? of gas. Record the 
exact volume. 


6. Release the gas in a well-ventilated area. 


7. Dry the lighter as thoroughly as possible and 
reweigh it. 


8. Ifyou have time, repeat to get three sets of results. 


100 cm3 measuring 
cylinder 


A Figure 7 Experiment apparatus 
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Questions 


lle 
2. 


2 


© 


Design a suitable results table for your data. 


Process your data to obtain an experimental value for 
the molar mass of butane. 


Propagate the uncertainties. 


Compare your experimental value to the theoretical 
value by calculating the percentage error. 


Assess the accuracy and precision of your data. 


Discuss the relative impacts of systematic and random 
errors on your results. 


Comment on at least two major sources of 
experimental error. 


Linking question 


representation? (Tools 2 and 3, Reaetivity 2.2) 


10. 


Suggest realistic improvements to this method for 
determining the molar mass of a gas. 


The pressure inside the measuring cylinder isin fact 
the sum of the vapour pressure of water and the 
partial pressure of the butane. How.could you 
adjust your data processing to a¢count for this? 
What additional data and information.do you 

need to research? 


Consider alternative methods for determining the 
molar mass of a gas that could be done ina schoo! 
laboratory. If you have time, show your ideas.to your 
teacher and'try them out. 


KD” 
Graphs can be presented as sketches or as accurately plotted 
data points. What are the advantages and limitations,of each 


Pressure, volume, temperature and amount 
of an ideal gas (Structure 1.5.4) 


There are four variables ofan ideal gas that affect each other: 


il 
2. 
3: 
4. 


The pressure exerted by the gas, p 
The volume the gas occupies, V 
The absolute temperature of the gas, T 


The amount of the gas, n 


The effect.of any two of thesevariables on each other can be investigated by 
keeping the other two constant. This is what Robert Boyle did when he came 
up with Boyle's law: he,performed an experiment where the amount and the 
temperature ofa gas/were kept constant, but the volume of the container was 
changed. He observed that the pressure and volume of the gas were inversely 
proportional. 
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Online simulations allow you to easily explore the 3. Using the simulation, vary the temperature at a 
relationships between pressure and volume, volume and constant pressure and record the resulting volume 
temperature, and pressure and temperature for a fixed for a certain amount of gas. Collect data for at least 
amount of gas. In this task, you will collect data from an five different temperatures in a suitable table in. your 
ideal gas simulation, which will allow you to practice spreadsheet. 
spreadsheet data analysis skills, as well as reinforce ideas A ecomaneheoensectie lean cena 
about direct and inverse proportionality. 
Rel t skill 5. Construct two graphs of VVs,T; one with Tin °C and 
see AE a the other with Tin K. 

T ROA Genieis een amavis, 6. Using the simulation, vary the volume at a constant 
e Tool 2: Use spreadsheets to manipulate data. temperature and récord the resulting pressure for 
e Too! 3: Understand direct and inverse proportionality. a certain amount of gas. Collect data forat least 
e Inquiry 1: Identify dependent, independent and five differént volumes in a suitable tableiin your 

controlled variables. spreadsheet. 
Materials 7. Construct agraph ofp vs V: 

i i 8. jUse’Vourspreadsheet to computeValues for —! 

e — Simulation that allows you to change pressure, : y p 2 p v 

volume and temperature for an ideal gas. It must have 9. “Gonstruct a graph of p vs ae 

an option to hold one variable constant and vary the : y 

other two. Questions 
* Spreadsheet software 1. What were youñdependéñt and independent 

f variables in each case? Which variables were 
Instructions 
Controlled? 

Hie senate Se ae Y 2. Describe the relationship shown in each graph 

constant volume and record the*fesulting pressure ; ‘ wa : : 

$ as direct proportionality, inverse proportionality, 

for a certain amount of gas. Gollect data forat least ora 

five different temperatures in asuitable table in your i 

spreadsheet. 8. -When studying gases, it is important to convert all 


2. Construct a graph of pvs\T. 


temperature values into SI units (kelvin). Discuss why 
this is the case for temperature, whereas pressure and 
volume units can vary depending on the source. 


The combined gas law 


We have seen that pressure is inversely proportional to volume and directly 
proportional to absolute temperature. 


] 
x — px T 
P V P 


Combining the two relationships gives: 


pV 
pV« Porm = k (a constant) or 


PY, _ PV, 
T, T. 


1 2 


This equation is known as the combined gas law. 
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The gas laws arose from experiments in which certain 

variables were controlled, while others were carefully 

manipulated. Inspect the apparatus shown in figure 8. Coy 
What might be explored with this set-up? What AS PUES) thermometer 

is the independent variable? What variables must g 

be controlled? What is the purpose of each of the 
items depicted? 


250 mL ottomed flask 


> Figure 8 Apparatus for conducting an 
experiment into the behaviour of a gas 


Worked example 3 


A weather balloon filled with 32.0 dm of helium at 
of 100.0 kPa is released at sea level. The balloon 
altitude of 35,000 m, where the pressure is 47. 


-50 °C. Calculate the volume, in mê, of the int 
conditions. 


Solution 
List the conditions of the g 


the temperate > is 
alloon =e) 


.OkPa 


Remember to convert 
2 


Then, list the cón 


ions of the gas in the wea balloon at 35,000 m. 
Rem ento make sure the units are consistent with the initial conditions of 
the balloo & > 
unknown 


ubstitute the numbers he combined gas law: 
PV, PV, 
TO 7, Practice question 

100.0 kPa x 32.0dm? = Oe asv 3. A sample ofan ideal gas has 

298.15 K 223.15 K a volume of 1.00 dm? at STP. 
Rearranging the expression in terms of V, gives: Calculate the volume, in dm3, 
V, ~ 5.04 x 10? dm? = 5.04m? of that sample at 50.0°C and 

50.0kPa. 
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TOK 


Throughout this chapter you have explored models related to the particulate nature of matter. Many of these concepts 
were developed through observations of the natural world or obtained through experimentation: from the intera¢tion 
of alpha particles with gold atoms, to the manipulation of gases in the gas laws, to explorations of subatomic particles 


at CERN. 


A Figure9 The set-up used by Joseph Louis Gay-Lussac to investigate the thermal expansion of gasés(left) 
The ATLAS detector at CERN used to investigate elementary particles (right) 


How do scientists investigate the behaviour of particlesithat are too small to,b@@bserved directly? How have advances in 
technology influenced scientific research into what matter is made up of? 


Ideal gas equation 


The combined gasilaw suggests that for any given gas, the change in one of 
the three parameters, p,.V or T, affects the other two in such a way that the 


V 
expression S remains constant. The exact value of that constant must be 
proportional to the amount of the gas, n: 


V V 
y A or P nk 
IN 


whereR is the universal gas constant, or simply gas constant. The last expression 
isknown as the ideal gas equation, which is traditionally written as follows: 


pV=nRT 


The value and units of R depend on the units of p, V, T and n. If all four parameters 
are expressed in standard Sl units (p in Pa, Vin m3, Tin Kand n in mol), then 
R=8.31]K' mol. 


The same value and units of R can be used if pressure is expressed in kPa and 
volume in dm3, as the two conversion factors (10 for kPa to Pa and 10° for dm? to 
m?) cancel each other out. 


G Linking question 


How can the ideal gas law be used to calculate the molar mass of a gas from 
experimental data? (Tool 1, Inquiry 2) 
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Worked example 4 


A 3.30g sample of an unknown organic compound was vaporized at T= 150°C and p = 101.3 kPa to produce 


1.91 dm? of a gas. The gas was combusted in excess oxygen to produce 3.96 g of water, 2.49 dm of carbon dioxide 


and 1.25 dm of nitrogen at STP. 

Determine the following for the compound: 
a. molar mass 

b. empirical formula 

c. molecular formula 


Solution 
a. To determine the molar mass, we need to find out the amount of the compound usingithe ideal gas equation: 
pV 
n=— 
RT 


T=150+ 273.15 =423.15K 
101.3 kPa x 1.91 dm? 


zx 0.0550 mol 
8.31)K' mol" x 423.15 K 
Therefore, M = 200 60.0 g mol” 
0.0550 mol 


b. All carbon, hydrogen and nitrogen atoms in the combustion products originat&from,the organic compound, so the 


amounts of these elements in carbon dioxide, water and nitrogen are the same.as those in the original sample: 
m_ 3.96g 

M ~~ 18.02gmol 
n(H) = 2 x n(H,O) = 2 x 0.220 mol = 0.440mol 


x 0.220 mol 


n(H,O) = 


V 2.49dm3 
n(CO,) =- "A ARO 
V,, 22.7dm3mol" 
n(C) = n(CO,) = 0.110 mh 
3 
n(N,) = -An Naeef0551 mol 


Vu 22.7 dm3 mol" 
)=2xn(N,) £2 x 00551 =0.110 mol 


= 


The original compound could also contain oxygen. To check this, we need to compare the total mass 
the three elements (hydrogen, carbon and nitrogen) with the mass of the original sample: 


m(H) =0.440mol x 1.01gméix 0.444 g 
m(Q),= 0.190 mol x 12.0higmok! x 1.32g 
m 
m 


6) 


N) 36.110mol x 1401 gmol ~1.54g 
total) = 0.444 g 41.329 + 1.54g ~ 3.30g 


Therefore, the organi¢ compound did not contain oxygen, so its formula can be represented as C.H.N_. 
x:y:z=091060.440:0.110 =1:4:1 


The empitical formula of the compound is CH,N. 


c. M(CH,N) = 12.01 + 4 + 1.01 + 14.01 = 30.06 g mol". This value is half the experimental value (60.0 gmol"’), 
so themolecular formula of the compound will have twice the number of atoms of each element: C,H,N.. 
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End-of-topic questions 


Topic review 


]. Using your knowledge from the Structure 1.5 topic, 
answer the guiding question as fully as possible: 


How does the model of ideal gas behaviour help us to 
predict the behaviour of real gases? 


Exam-style questions 


Multiple-choice questions 


2. Which of the following are assumptions of the ideal gas 
model? 


The volume occupied by the gas particles is 
negligible 

|. There are no intermolecular forces between 
gas particles 


ll. Zero particle movement 


A. land ll only 

B. land Ill only 
C. Iland Ill only 
D. I, lland Ill 


3. The temperature of an ideal gas is 27°C. What is the 
temperature of the gas after the pressure is doubled and 
the volume is tripled? 


A OAC 
B. 450°C 
C AC 
D. 1800°G 


4. A gas syringeicontains 40 cm? ofan idealigas at 27°C. 
What will the volume of the gas\be after it is warmed to 
57°C at constant pressure? 


A. bO cm? 
B. 3.6cm? 
C. 44cm? 
D. AF cm? 


5. A0.58g sample of an ideal gas at 100 kPa and 100°C 
has a volume of 250 cm3. Which of the following 
expressions is equal to the molar mass of the gas? 


0.58 x 8.31 x 100 
100 x 103 x 250 x 10° 


0.58 x 8.31 x 373 
100 x 103 x 250 x 105 
0.58 x 100 x 10-3 x 250 x 10° 


T, 
8.31 x 100 

D 0.58 x 100 x 10° x 250 x 108 
8.31 x 373 


6 Which graph correctly shows the relationship between 
the pressure and volume ofan ideal gas, at constant 
temperature? 


A. B. 
V V 
Q D. 
AL Aig 
V V 


7. Whichvof the following balloons contains the largest 
number of hydrogen atoms, at constant temperature 
and pressure? 


eee 


| 


Ha(g) NH3(g) CH,(g) HF(g) 
2 dm 2 dm3 1dm3 4dm3 


8. What are the conditions for the ideal gas behaviour of 
real gases? 


A. Low temperature and low pressure. 


Low temperature and high pressure. 


B 
C. High temperature and low pressure. 
D 


igh temperature and high pressure. 
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9. 


Which of the following statements about an ideal gas 
are correct? 


At constant temperature, E = constant 
|. Atconstantvolume, r= constant 
v 

ll. At constant pressure, 7 = constant 
A. land llonly 
B. land Ill only 
C. Iland Ill only 
D. 1, land Ill 


Extended-response questions 


10. 


Explain, in your own words, why real gases deviate 
from ideal behaviour at low temperatures and high 
pressures. 


[2] 


. Acar tyre inflated to 2.50 bar (250kPa) at 10°C contains 


12.0 dm? of compressed air. After a long journey, the 
tyre temperature increases to 25°C and the pressure 

to 261kPa. Determine the tyre volume under these 
conditions. Assume that there was no air loss during the 
journey. [2] 


. Ammonium carbonate, (NH,) CO, (sh/decomposes 


readily when heated: 
(NH) CO- (s) => 2NĦ}9) + CO,(g) + H,O() 


Determine the volumes, in dm? at STP, of the individual 
gases produced ondecomposition of 2.258 of 


ammonium carbonate. [2] 


. The gases produced in question 12were transferred to a 


sealed vessel with avolume of 1.50 dm3, and the vessel 
was heated up to 200 °C. Calculate.the pressure in the 
vessel at thattemperature“Assume that the gases do not 
react withveach other. [2] 


14. 


16 


Carbon forms several gaseous compounds with fluorine. 
Deduce the empirical and molecular formulas for these 


compounds using the data from the table below. [3] 
mass % at STP/g 

| x 13.65 | ge E 

| Y 24.02 4 4.41 

| Z 14A | 6.08 


. An organic compound A contains 54.5% of carbon, 


9.1% of hydrogen and 36.4% of oxygemby mass. A 
vaporized sample of A witha mass of 0.230.g occupies 
a volume of 9.0785 dm’? at T = 95 °Cand p = 102 kPa. 


a. Determine the empiricahformulaof A. [2] 

b. ,Determine therelative molecular mass of A. [1] 

œ > Usingyour answers to parts a and b, determine the 
molecular formula of A. [1] 


A closed steel cylinder contains 0.32 mol of hydrogen 
gas and O.16mol of oxygen gas. The volume of the 
cylinder is}25 dm%and the initial temperature of the gas 
mixtureis 25°C. 


a. Calculate the initial pressure, in kPa, of the gas 
mixture in the cylinder. [i] 

b. When the gas mixture is ignited, both reactants are 
consumed completely and the temperature inside 
the cylinder rises to 800 °C. Calculate the pressure 


inside the cylinder at that moment. [2] 


. An unknown gas X has a density of 2.82 g dm” at STP. A 


4.00g sample of X was combusted in excess oxygen to 
produce 2.50g of hydrogen fluoride and 2.84 dm? of 
carbon dioxide at STP. 


Determine the following for X: 


a. molar mass m] 
b. empirical formula 


c. molecular formula [1] 
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Sii PAN The ionic model 


What determines the ionic nature and properties of a compound? A eS 
lonic compounds are characterized by the presence the strong electrostatic attractions between oppositely 
of positive and negative ions, which attract each other charged ions. Once liquid, however, ionic compounds are 
electrostatically. In solid ionic compounds, these ions electrical conductors due tothe presence of mobile ions. 
are arranged in rigid crystalline lattices. Melting these Due to their charge, ions interact strongly with polanwater 
solids requires a large amount of thermal energy due to molecules, so ionic compounds are often water-soluble. 


Understandings 


Structure 2.1.1 — When metal atoms lose electrons, they 
form positive ions called cations. When non-metal atoms dimensi 
gain electrons, they form negative ions called anions. formulas. 


Structure 2.1.2 — The ionic bond is formed by 
electrostatic attractions between oppositely charged ions. 


Binary ionic compounds are named with the cation first, 
followed by the anion. The anion adopts the suffix “ide” wr 


Introduction to bonds and’structure 


Atoms rarely exist in isolation. They are connected together in several different 
ways. Atoms can be bonded to atoms of the same type, or to atoms of different 
elements. The varying arrangements of atoms and features of the bonds between 
them give rise to certain differentproperties. For example, 78% of the air around 
us is nitrogen, N,. However, in agriculture, nitrogen fertilizers aré added to soils 
to help crops grow. This is because the structure andbonding of nitrogen in air 
are different to that of the nitrogenous compounds found in fertilizers. 


Atoms are held together by chemical bonds. This chapter discusses three different 
bonding models: ionic), covalent and metallic. These lead to four types of structure: 
ionic, molecular covalent, covalentnetworkand metallic. You may be wondering 
why there are four types of structure, giventhat there are only three types of bonds. 
This is because covalent substances canbe found in two arrangements: a continuous 
3D network, or discrete groups of atoms known as molecules. 


covalent metallic 


types of 
structure 


metallic 


XO VORS mili ion 
@.Q;Q~delocalised 
0.0'0'0 electron 


<4 Figure] There are three types of 
bonds and four types of structure 


Structure 2 Models of bonding and structure 


Structure 2.1, 2.2 and 2.3 discuss 
models of bonding and structure. 
Scientific models simplify and 
represent complex phenomena. 
Sometimes models help us to 
visualize things that we cannot 
observe directly. This is one of 
the reasons bonding models are 
so useful. 

All models have limitations. 

This does not necessarily make 

the models inadequate, but it 

is important to understand the 
weaknesses of a model. As you 
work through these sections, 
identify some of the strengths and 
limitations of the various bonding 
models. 


A Figureé2,/Offshore oil platform in 


Chemical bonds 


Chemical bonds are strong forces of attraction that hold atoms or ions together 
in a substance. All chemical bonds occur due to electrostatic attractions between 
positively charged species and negatively charged species. The type of bonding 
depends on which species are involved (table 1). 


The electrostatic attraction between... 


Type of bonding Positively charged Negatively charged 
species species 
ionic | cations anions $ 
| covalent atomic nuclei {shared pair ofélectrons | 
| metallic | cations delocalized’electrons | 


A Table 1 All bonding types involve a positively charged speciesiand a negatively charged 
species that are electrostatically attracted to eachother 


lons (Structure 2. 1⁄1) 


Sodium chloride and,copper(||) sulfate are’examples of ionic compounds. They 
are crystalline and brittley which are properties characteristic of ionic compounds. 
lonic compounds are also poor electrical conductors when solid, but good 
electricaliconductors when molten or dissolved: The reactions and properties of 
theseionic compounds are very different to those of their constituent elements. 
For instance, sodium chloride, themain ingredient in table salt, is water-soluble. 
However, elemental sodium is a soft metal that reacts violently with water, and 
chlorine is a poisonous gas. 


A Figure 3 Sodium chloride crystals on a tree branch and copper(II) sulfate crystals. 
Sodium chloride and copper(I!) sulfate are ionic compounds 


Before discussing ionic bonds and the characteristics of ionic structures, we will 
first look into what ions are. 


California, USA. What examples of structure 
and bonding are present in the photo? 


Cations and anions 


Sodium chloride contains sodium ions, not sodium atoms. Sodium atoms and 
sodium ions have different numbers of electrons, and therefore behave differently. 


You will notice three differences between Na and Nat: 
1. number of electrons 

2. electron arrangement 

3. charge. 


Sodium atoms are neutral. Sodium ions have a 1+ charge, indicated by a 
superscript + sign next to the symbol: Nat. 


Worked example 1 

Determine the number of subatomic particles to show that 
a. sodium atoms are neutral 

b. sodium ions have a 1+ charge. 


Solution 
a. Ina sodium atom there are: 
11 protons (charge = 11+) 
11 electrons (charge = 11-) 
Overall charge is 11-11 =0 
b. Ina sodium ion there are: 
11 protons (charge = 11+) 
10 electrons (charge = 10-) 
Overall charge is 11 - 10 = 14+ 


Worked example 2 


Deduce the electron configuration of a sodium/atom and a sodium ion. 


Solution 
Na: 1s22s*2p° 3s! 
Nat: 1s*2s? 2p® 


Cations are ions with more protons than electrons. This means that cations are 
positively charged, asthe combined positive charge of protons is greater than 
the combined negative charge of electrons. As sodium ions have 11 protons and 
10 electrons, the overall charge is 1+. 


Anions are negatively charged ions. They contain a greater number of electrons 
than protons. Figure 5 shows a sulfur atom and a sulfide ion. The sulfide ion has a 
2- charge,,denoted by the superscript in the symbol S*-. Note that anions adopt 
a slightly different name: the first part corresponds to the name of their parent 
atom. This is followed by the suffix —ide. 


For now, we will only consider monatomic ions. You will look at charged groups 
of atoms (called polyatomic ions) in a later section. 


Structure 2.1 The ionic model 
a b 


A Figure 4 (a) sodium’ atom:(b) sodium ion 


In-Structure 1.2, you learned 
that protons have a 1+ charge 

_ andyelectrons have a 1- charge. 
You can ignore neutrons in ionic 
charge calculations as these are 
uncharged. 


2= 


A Figure 5 (a) sulfur atom (b) sulfide ion 


Show that the sulfur atom is neutral 
and the sulfide ion has a charge 

of 2- by counting their subatomic 
particles. Determine the electron 
configuration of the sulfur atom 
and sulfide ion. 
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-le 


Predicting the charge of an ion 


The main group elements are in periodic table groups 1, 2, 13, 14, 15, 16, 17 and 
18. The electron configurations for some main group element atoms and their 
corresponding cations are shown below: 


-le 
Na > Nat 
]s? 2s? 2p® 3s! 1s? 2s? 2p® 


Nat has the same electron configuration as neon, Ne. Two different’species with 
same electron configuration are called isoelectronic. Therefore, Nat and Neare 
isoelectronic. 


-2e 


Li 
]s2 2s! 


Litis isoelectronic with helium, He. 


+e 


ma Lit Ca > Cat 
|s? 1s? 2s? 2p® 3s? 3p 4s? ]s?2522p° 3s 3° 


Ca**is isoelectronic with'atgon, Ar 


The resulting cations all have noble gas configurations. Noble gases have full (or 
“closed”) sublevels. When main.group elements form ions, they often achieve 
this noble gas electron configuration. The atoms‘above have all done so by losing 
their outermost valence electrons. As they have lost electrons, and electrons 

are negatively charged, the resulting cations are positively charged. Cation 
formation is anéxample of oxidation because it involves the loss of electrons. 


Anions are formed when atoms gaitvelectrons. Look at the examples below 
where the\parent atoms gaimelectrons in orderto achieve a noble gas electron 
configuration: 


+2e° 


cl — > Cl- Q > OF 


]s? 2s? 2p® 3s? 3p° 


Clris isoelectronic with argon, Ar. 


To obtain a noble gas configuration, 


a chlorine atom gains ah.electron. 

ChlorineWould alsohave a 

noble gas configuration if it Icey 

the seven outermost electrons. / 

Howéver, the removal of so many © 
_eléctronis! from the attfactive pull) 


-ofthe positively charged nuéleus ~ á 


requires alarge amount: of enefay 

while the addition, of asi 

~ electronueleases anergy. This is 
why chlorine instead will gain an 
electron to Become a chloride ion. 
The energetics of these processes, 
called ionization energy and 
electron affinity, are discussed in 
Structure 3.1 and relevant in the 
construction of Born—Haber cycles 
(Reactivity 1.2). 


]s* 2s? 2p® 357 3p® 1s? 2s? 2p |s? 2s? 2p® 


O* is isoelectronic with neon, Ne. 


Atoms that gain electrons become anions. As reduction is the gain of electrons, 
the formation of anions is a reduction process. 


Theformation of an ionic compound from its elements is a redox reaction. 
Consider the formation of sodium chloride from its elements: 


2Na(s) + Cl,(g) —» 2NaCl(s) 


Sodium chloride, NaCl, is made up of sodium cations, Na*, and chloride 
anions, Cl-. The half equations are shown below. The first is an oxidation and the 
other is a reduction and therefore the formation of NaCl from its elements is a 
redox reaction. 


2Na —> 2Nat + 2e 
Cl, + 2e7—> 2Cl- 


Electron loss = oxidation 


Electron gain = reduction 


Once you have learned about oxidation states (Structure 3.1), you should also be 
able to see that the sodium is undergoing oxidation because its oxidation state 
increases (from O to +1) and the chlorine is reduced because its oxidation state 
decreases (from 0 to -1). 


Structure 2.1 The ionic model 


Atoms tend to achieve a noble gas electron configuration through gaining, 
losing, or, as we will see in Structure 2.2, sharing electrons. This is often referred 
to as the octet rule. It is called the octet rule because most noble gases have 
eight electrons in their outer shell. 


There exists a relationship between the charge of the ion formed by a main group 
element and its periodic table group. In general: 


e Elements in groups 1, 2 and 13 form 1+, 2+ and 3+ ions, respectively 
e Elements in groups 15, 16 and 17 form 3-, 2—and l- ions, respectively 
e Elements in group 18 (noble gases) do not form ions 


The relationship between periodic table group and ionic charge is illustrated in 
figure 6. 


A Figure 6 The charges of some common ions 


Hydrogen atoms have only one electron in the Is\sublevel. They form ions by 
either losing that electron oF gaining one.Electron loss leads to the formation of 
H+, which is simply a hydrogen nucleus: a proton’with no electrons surrounding 
it. The;charge density of a H+ ion is.therefore. very high, so these cations readily 
combinewithother species. One such example is the formation of acidic 
hydroniumions, H,O*, formed when hydrogen cations bond with water. 


Hydrogen,atoms can also gain.an electron to achieve a noble gas configuration, 
thus forming hydride anions, H~. 


hydrogen 
ace © ion, H+ 
ecto" 1633 
+e- 
slan an hydride 
Ctr 3 y 


A Figure 7 The formation of H* and H- 


TOK 


General rules in chemistry (such 
as the octet rule) often ha 
exceptions. How m 
have to exist for a ri ase to 


be useful? (> 


possible, carbon 
forms compounds 
ough a process called covalent 


» bonding, which does not involve 


rmation. Covalent bonding is 


à discussed in Structure 2.2. 


Hydride anions are very strong 
bases. You will learn more about 
bases in Reactivity 3.1. 
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Practice questions 


1. Determine the charge of the ion formed by each of the following elements. 
lithium, Li 

magnesium, Mg Gey 
aluminium, Al 

fluorine, F 

nitrogen, N gv, 


selenium, Se 
. barium, Ba 


a. 
b. 
ic. 
d. 
e. 
f. 

g 


State the name of ions d, e and f above. 
Complete the table: 


Number | Number 
Name Symbol of of 
protons electrons 
beryllium 


O 
g A S “ — 
‘> a 


4s kS 
N est: A AAT 


Å 3d 4s 
iron(lll) ion 
A Figure8 Iron atoms can form ions with a 2+ charge and ions with a 3+ charge 


100 


Consider the electron configurations of the first-row transition elements. 


Most of them contain two 4s electrons, which are lost when the M?+ ions 
are formed. This helps to explain why most of these elements commonly form 
2+ cations. 


Electron configuration 


Symbol Element ; 
Atom 2+ ion 
Sc scandium [Ar] 4s? 3d! [Ar] 3d! 
Ti finium [Tanase3e? [iae 
V vanadium [Ar] 4s? 3d3 [Ar] 3d 
Cr chromium [Ar]4s! 3d§ [Ar]3d4 
[Mn manganese [Ar] 4s? 395 [Ar] 3d5 
Fe iron | [Ar] 4s? 3d® [Ar] 3d® vy 
Co cobalt [Ar] 4s? 3d7 [Ar] 3d7 
Ni nickel [Ar] 4s? 3d® | [Ar 3d® 
Cu copper [Ar] 4s! 3d!° [Ar] 3d? 
When the first row transition elements are ionized, the 4s electrons are lost before 
he 3d electrons. Further successive ionizations occur,in many ofthese elements 


because the 3d sublevel is similar in energy to the 4s sublevel. 


Transition elements have variable oxidation states\(Structure 3.1).This 
characteristic can be explored by examining successive ionization energy data. 
Let's focus on the transition elements in period 4) They have variable oxidation 
states because the 4s and 3d sublevels are close together in energy,.assshown 

by successive ionization energy,data (figure 9). It is important to realize that 
ionization rarely happens in isolation. lonization absorbs energy, but this energy 
investment is usually offset by other processes that release energy, such as lattice 
formation. Ifa certain ionization only requires a small amount of additional energy 
compared to the previous ionization, then it could be energetically favourable if it 
leads to a subsequent exothermic process. 


ionization energy / 103 kj mal~3 


(0) 2 4 6 8 10 12 
number of electrons removed 


A Figure9 Data for the first 12 ionization energies of iron. As you can see, the 4s and 
3d electrons are very close together in energy. The large jump between the 8th and 9th 
electrons occurs because the 9th electron is removed from the 3p energy level, which is 
closer to the nucleus 


Structure 2.1 The ionic model 


As seen in chapter Structure 1.3, 
the 4s sublevel fills up before the 
3d sublevel. 


N 


<4 Table 2 Electron configurations of the 
first-row transition elements 


aa questions 


Deduce the abbreviated electron 
configuration of each of the 


) following: 
a. Mn” 
b. yo 
é Cur 
ds ue" 


7. Zinc only forms 2+ ions. 
a. Deduce the full electron 
configuration of Zn?* 
b. Explain why zinc is not a 
transition element. 
8. The ion ofa transition metal 
has mass number 55, electron 
configuration [Ar] 3d° and a 
charge of 2+. 
a. Write its symbol using 
nuclear notation. 
b. Identify a 1+ ion that has the 
same electron configuration 
as the above. 
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3.0 greater 
ionic 
character 


2.0 


electronegativity difference 


O 


A Figure10 Iftwo elements havean 
electronegativity difference greater than 1.8, 
the bonding between them will have a high 
ionic character 


Electronegatity and other 
periodic trends are discussed in 
greater detail in Structure 3.1. 


(an) Communication skills 


You may have noticed that we can refer to charge using different formats 
depending on context. When using chemical symbols, charges appearas 

a superscript number followed by + or-, for example, Fe**. In speech of 
writing, we say “the ion has a 3+ charge”. Charge is related to oxidation state 
(Structure 3.1), where the + or- sign is given first followed by,thve, magnitude. 
For example, “oxygen has an oxidation state of -2”. 

Roman numerals are also used to indicate oxidation states in theinames of 
compounds (Structure 3.1 and Reactivity 3.2). For example, the symbol fora 
copper(ll) ion is Cu2*, its charge is 2+, and its oxidation state is +2. 

Write your own example to help you remember these distinct ways of 
referring to ionic charge. 


G Linking questions NN @ ( N y 


ow does the position ofan element in the periodic table relate to the 
charge of its ion(s)? (Structure 31) 


ow does the trénd in successive ionization energies of transition elements 
explain theirvariable oxidation states? (Structure 1.3) 


lonic bonds ( Structure 2.1.2) 


Cations and anions are electrostatically attracted to each other because of 
their opposite charges. Thisiattraction results in the formation of ionic bonds. 
Therefore, ifa given.element forms cations, and another forms anions, they can 
bond ionically,to forman, ionic compound. 


Electronegativity (x) 


One way to estimate whether a bond between two given elements is ionic is to 
look at the difference in electronegativity between the two. Electronegativity 

(y) is a measure of the ability of an atom to attract a pair of covalently bonded 
electrons. Within the periodic table, electronegativity increases across the 
periods and up the groups. This means that fluorine is the most electronegative 
element, so it has a high tendency to attract pairs of covalently bonded electrons. 


One of the electronegativity scales used by chemists is called the Pauling scale. 
Values in the Pauling scale are dimensionless and range from 0.8 to 4.0. Fluorine 
has an electronegativity value of 4.0. The electronegativity of caesium, one of the 
least electronegative elements, is 0.8. Noble gases are generally not assigned 
electronegativity values. 


The larger the difference in electronegativity between two elements ina 
compound, the greater the ionic character of the bond between them. lonic 
bonding is assumed to occur when the difference in electronegativity is greater 
than 1.8 (figure 10). In reality, bonding occurs across a continuum, so above 1.8 
the main type of bonding in the compound is ionic, but there may be other types 
of bonding present. 


Structure 2.1 The ionic model 


© Data-based question 


Compound 


sodium fluoride, X(Na) = 0.9 and AX(F) = 4.0 
NaF AX = 3.1 


Difference in electronegativity (A%) 


sodium chloride, X(Na) = 0.9 and X(Cl) = 3.2 
NaCl AX = 2.3 


aluminium MA) = 1.6 and X(Cl) = 3.2 
chloride, AICI, AX =1.6 


A Table 3 Electronegativity differences for selected metal chlorides 


Periodic table position 


Predict which of the compounds in table 3 will have ionic structure. 


You can qualitatively approximate how ionic a compound will be by looking 
at the positions of its constituent elements in the periodic table. Elements with 
large differences in electronegativity are generally found at a greater horizontal 


distance from each other. 


Worked example 3 


Compare the ionic character of bonding in the following pairs of compounds: 


a. caesium fluoride, CsF, and.caesiumiodide, Csl 


b. magnesium oxide, MgQ, and carbon monoxide, CO 


Solution 

a. Qualitative comparison: 
Cs and F are a greater distance from each other 
than Cs and |are inthe periodic table, Therefore, 
the differencejin electronegativityis larger between 
CsandF, meaning the bond between them is more 
ionic. 
Quantitative comparison: 
(Cs) 50.8 and y(F)= 4.0 
MMe sSF) = 3.2 
WCs) = 0.8 and y) 2.7 
Ay(Csl) = 19 
Both Ay valuesyare greater than 1.8, so the bonds 
in*both compounds are ionic. However, CsF has a 
higher percentage ionic character than Csl. 


b. Qualitative comparison: 


In the periodic table, Mg and O are further away 
from each other than C and O are. Therefore, the 
electronegativity difference between Mg and O 
must be larger than that between C and O, and the 
bond between Mg and O must be more ionic. 
Quantitative comparison: 

y\Mg) = 1.3 and yO) = 3.4 

Ay (MgO) = 2.1 

WC) = 2.6 and 7(O) = 3.4 

Ay(CO) = 0.8 

Mg and O bond ionically because Ay is greater 
than 1.8 for this compound. C and O do not bond 
ionically because Ay is lower than 1.8. 
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Determine whether the following pairs of elements are likely to bond ionically 
using the following two methods: 


i. look at their positions in the periodic table 


ii. refer to their electronegativity values in the data booklet. 


a. LiandF d. AsandS 
b. Rband Ga e. Pand.Cl 
c. Caand| f. Agjand,/Br 


It is often incorrectly said that only ionic bonds form when a metallic element.and 
a non-metallic element bond together. Phere are substances, such as aluminium 
chloride, AICI,, that do not fit this description. Aluminiumiisa metal and chlorine 
is a non-metal, so you would expect them to bond ionically. But the compound 
has properties that are characteristic of covalent compounds, such as a low 
melting point and high volatilityehhe electronegativity difference between these 


A Figure 11 Polarized light micrograph 


of ammonium nitrate crystals. Ammonium 
nitrate contains two polyatomic ions: NH,* two elements (1.6) suggests they do not bond ionically. 


and NO, . Its uses include fertilizers and 
rocket propellants 


Polyatomic ions 


Some ionic compounds contain more than two elements. For instance, NH,Cl, 


Name Formula whichis made up of NH,* cations and Clhanions. Ammonium ions, NH,*, are 


polyatomic ions: As their name suggests, polyatomic ions are ions that contain 


ammonium 
4 several atoms. 

hydroxide O 

nitrate Os You are expected to know the names and formulas of the polyatomic ions shown 
: in table 4. 

hydrogencarbonate HCO, 


carbonate co,” 4 
sulfate Neo = D Self-management skills 


phosphate PO," You willneed to spend some time memorizing the names and formulas of the 
polyatomicions in table 4. Some students like to use flashcards, others make 
up mnemonics. What strategies will you use? How will you make sure you 
actively engage with them? 


A Table 4 Common polyatomicions 


Naming ionic compounds 


Name Formula 
pOtassium fluoride KF Consider the list of ionic compounds shown in table 5. Can you notice any 
maghesium fluoride ~ MgF; patterns in their names? 
calcium carbonate CaCO You should notice that, in the names of ionic compounds: 

3 

barium hydroxide Ba(OH), e the cation name is given first and is followed by the anion 
iron(II!) oxide Fe,O; * cations adopt the name of the parent atom and the name remains unchanged 
silver(|) sulfide Ag,S * monatomic anions adopt the first part of the name of the parent atom, 


followed by the suffix -ide. If the anion is polyatomic, refer to table 4 
A Table 5 Names and formulas of some 


ionic compounds * the name of the compound does not reflect the number of ions in the formula. 
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Practice questions 

9. State the name of each of the following compounds: 
a. RbF d. Sr(OH), 
b. ALS, e. BaCO, 
c. AIN f. NH,HCO, 


The formulas of ionic compounds 


Anions are conjugate bases of 
common acids. The strength of 
acids and stability of their anions 
can be compared quantitatively 
using their dissociation constants, 
K „which will be introducedin 
Reactivity 3.1. 


The name of an ionic compound tells you what elements it contains, but not the 
ratio of the ions in it. The basis for working out the formula of an ionic compound 
is remembering that the net charge of the compound is zero, so the positive 
charges and negative charges must cancel out. First, determine the charge of the 
anion and the cation, then work out how many of each ion you need to reach a 


total charge of zero. 


Worked example 4 

Deduce the formulas of the following ionic compounds: 
a. calcium oxide b. calcium nitride 
Solution 


a. To deduce the formula of calcium oxide, work through 
the following steps. 


Step 1: Determine the charges of the cation and 
the anion 

Calcium has an electron configurationiof 

]s? 2s? 2p® 3s? 3p° 4s*. Galcium atoms have two outer 
shell electrons, so they formions with a 2+ charge. 
Oxygen has an electron configuration of 1s? 2s? 2p4. 
Oxygen atoms have six outer shell electrons, so they 
form ions witha 2— charge. 

Therefore, galcium ions = Ca?t and oxide,ions = O”, 


Step 2;Determine how many of each ion are needed 
in order to achieve a net chargeof zero 

There are tWo methods you can/use for this step. The first 
is the bar diagram method. Write out the ions as blocks 
equal to the number of charges on each individual ion: 


The bar.diagram contains one calcium ion and one 
oxide.ion, so the ratio of calcium to oxide in the 
compound is 1:1. 


CaO 


1 


sodium carbonate d. aluminium nitrate 


The second method isthe criss-cross rule. Swap 
the charges and.turn them into the other ion’s 
Subscript, ignoring the sign: 


C 


Cagay 
Then, simplify the ratio: 
CaO, 
Step 3: Check that the net charge is zero 
You check your working by adding up the charges of 


each individual ion. If you did Step 2 correctly, the 
charges will add to zero: 


Ca2t 


Total positive charge = 2+ 


Oz 
Total negative charge = 2- 
Net charge = 2-2 =0 
Step 4: Write the formula 
This is a straightforward example where the 


magnitude of charge is equal for the cation and 
anion, and hence the formula is CaO. 
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b. Calcium nitride is a more complex example as the 


ions have different charges. Work through the steps 
as before. 


Step 1: Determine the charges of the cation and 
the anion 
Ga: Is?2s2 2° 3s? 3p° 4s? 

Calcium atoms have two outer shell electrons, so 
they form ions with a 2+ charge. 

N: 1s? 2s? 23 
Nitrogen atoms have five outer shell electrons, so 
they form ions with a 3- charge. 


Calcium ions = Ca?* and nitride ions = N? 


Step 2: Determine how many of each ion are 
needed in order to achieve a net charge of zero 


Bar diagram method 


a 


The bar diagram contains three calcium ionsjand 
two nitride ions, so the ratio of calcium to.nitride 
ions in the compound is 3:2 


Ca,N, 


Criss-cross rule 


Cag Nb 


There is no need to simplifythe ratio here because it 
isalreadyimits simplest form. 


Step3: Check that the netcharge is zero 


Ca2t 
La Nes 
Ca2t N3- 


Total positive charge = 6+ Total negative charge = 6- 


Net charge = 6-6 =0 
Step 4: Write the formula 
Ca, N 


3 2 


Sodium carbonate contains a polyatomic ion. You 
must not split up or change the ratio of atoms in the 
polyatomic cluster. Treat it like an indivisible entity 
and draw brackets around it if the formula contains 
more than one such ion. 


Step 1: Determine the charges of the cationiand 
the anion 

Na: 1s? 2s? 2p 3s! 

Sodium atoms have one"@uter shell electron, so 
they form ions with al charge. 

Carbonate ions, CO,*, have a 2- charges 

Sodium ions = Nat and carbonate ions = CQ,” 
Step 2: Determine how many of each ion are 
needed inorder to achieve anet charge of zero 
Bar diagram method 


The bar diagram contains two sodium ions and one 
carbonate ion, so the ratio of sodium to carbonate 
inthe compound is, 2:1 


Na,CO, 


Criss-cross rule 


Nat coe 
~ 
Nas(CO3}) 
Remember, you can draw brackets around the 
polyatomic ion to remind yourself that its formula 


does not change. Again, there is no need to simplify 
the ratio here. 


Step 3: Check that the net charge is zero 


Nat 
Nat con 


Total positive charge = 2+ Total negative charge = 2- 
Net charge = 2-2=0 


Step 4: Write the formula 

The formula is Na,CO,. Note that in the final 
answer there are no brackets around the 
polyatomic ion because the formula contains only 
one carbonate ion. 


d. The final example, aluminium nitrate, also contains a 
polyatomic ion. Follow the same steps as before. 


Step 1: Determine the charges of the cation and 
the anion 

Al: 1s? 2s? 2p® 3s? 3p! 

Aluminium atoms have three outer shell electrons, 
so they form ions with a 3+ charge. 


Nitrate ions, NO,”, have a 1- charge. 
Al ions = Al** and nitrate ions = NO, 


If you do not remember the charge ona 


polyatomic ion, revise table 4. Make sure that you 
learn these formulas and charges off by heart. 


Step 2: Determine how many of each ion are 
needed in order to achieve a net charge of zero 


Bar diagram method 


asa 


The bar diagram contains one aluminiumion and 


three nitrate ions, so the ratio of aluminium to nitrate 


in the compound is 1:3. 
AINO» 


Practice questions 


10. Deduce the formula of each of the following compounds: 


Structure 2.1 The ionic model 


W m 
ANO} 


Again, there is no need to simplify the ratio here. 


Criss-cross rule 


Step 3: Check that the neticharge is zero 
NO, 

NO, 

AIS NO 


B 


Total positivecharge = 3+ Total negative charge = 3- 
Net chatge = 3 -8 =O 


Step 4: Write the formula 

Theiformula is Al(NO.,),. Note.that brackets are used 
toindicate the presence of more than one nitrate 
ion. The formula,should not be written as AIN,O,. 


Names of ionic compounds that 
contain transition elements have 
the oxidation number of the 


a. magnesium oxide e \lithiumnitrate transition metal ion in brackets. This 
b. strontium chloride f. barium hydrogencarbonate is covered in Structure 3.1. 
¢. sodium sulfide g.wammonium phosphate. 


d. lithium.nitride 


x linking questions 
á A 


Why is the formation ofan ionic compound from its elements a redox 


” reaction? (Reactivity3.2) 


sulfate? (Structure 2.2) 


L 


AH 


dissociation constant, K,? (Reactivity 3.1) 


How is formal charge used to predict the preferred structure of 


Polyatomic anions are conjugate bases of common acids. What is 
the relationship between their stability and the conjugate acid’s 
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> Figure 12 lonic compounds are made of 
ions arranged in a lattice structure 


A Figur loniebonding is non- 
directional. Each ion attracts all oppositely 
charged ions around it 
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lonic lattices and properties of ionic 
compounds (Structure 2.1.3) 
Lattices 


Within ionic crystals, the ions are arranged in a lattice structure. Lattices are 
continuous, three-dimensional networks of repeating units of positive and 
negative ions. The exact arrangement of ions in a lattice dependsion the size and 
charge ratio of the ions. 


The formula of ionic compounds is an empirical formula: it indicates the 
ratio of each type oftion in the structure. A’single grain of sodium chloride, 
NaCl, can easily contain a quadrillion ions arranged in a continuous lattice. 
The formula, indicatessthat the Na+ and.Cl- ions are present in the lattice ina 
1:1 ratio. 


(Q) Thinking skills 


Research often involves finding information but also evaluating its usefulness 
and reliability. 

Consider the statement “each grain of NaCl can easily contain a quadrillion ions”. 
* Does this sound reasonable to you? 

e What information would you need to fact-check the statement? 

e Howyeould you reliably find this information? 


* »Come up with your own estimate of the number of ions ina grain of salt 
and compare it to this one. How do they compare? Why might they be 
different? Is the difference between the two values significant? 


lonic bonds are non-directional. This means that an ion will attract all oppositely 
charged species surrounding it, with the attraction being equal in all directions. 
Because of this non-directional quality, each cation in the ionic lattice attracts 
the all the surrounding anions, and vice versa. This means the forces of attraction 
in an ionic lattice are very strong. Figure 13 shows a 2D representation of the 
forces in an ionic lattice, but remember, actual lattices are 3D. 


Structure 2.1 The ionic model 


Lattice enthalpy 


Lattice enthalpy values tell us how strong the ionic bonds are in particular ionic 
lattice. Lattice enthalpy, A HÊ ce is the standard enthalpy change that occurs on 
the formation of gaseous ions from one mole of the solid lattice. It is a measure of 
the strength of an ionic bond because, in order for the ions to become gaseous, 
all the electrostatic forces of attraction between cations and anions in the lattice 
need to be overcome. A general equation for the lattice dissociation process is 
shown below: 

MX(s) —» Mt(g)+X(g) AH, > 0 


lattice 


The process is endothermic. Experimental values of lattice enthalpy at 298 K for 
some compounds can be found in the data booklet. Lattice enthalpies are often 
quoted as negative values that represent the exothermic formation of the lattice 
from gaseous ions—the opposite process to that shown in figure 14. However,.in 
this book we shall consider only the endothermic formation of gaseous ionsfrom 
a lattice, which is consistent with the definition given in the data booklet, 


Lattice enthalpy increases as the energy required to overcome the electrostatic 
forces of attraction between ions increases. Two factors affectinglattice enthalpy 
are ionic radius and ionic charge. The strength of the electrostatic attraetion 
between oppositely charged ions: 


A Figure 14 Lattice enthalpy is the energy 
* increases with increasing ionic charge required to overcome the electrostatic 
forces of attraction holding ions together in 


e decreases with increasing ionic radius. ibe lattice 


Look at the variations in lattice enthalpy of the;compounds in table 6. 


lonic AH®_/k\mol" lonig tadius/ 0a m lnie charge 
compound aoe Cation Anion ' Cation Anion 
KF 829 138 133 +] =] 
NaF 930 102 133 +] -] 
CaF, 265] 100 133 +2 =l 


A Table Lattice enthalpies of selected compounds 


NaF has agreater lattice enthalpy than.KF because the cations in NaF are smaller, 
and therefore the electrostatic attraction between Nat ions and F- ions is greater. 
The lattice enthalpy of CaF, is considerably larger than that of KF. This is in part 
due torthe smaller ionic radius. of Ca** compared to K+. However, it is mainly due 
tothe greater charge on the Ca% cation, which results in greater electrostatic 
attraction between the cations and anions in CaF,. 
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Charge density is a term used to describe charge per unit Part 3: Analysis 
volume. In this task, you will explore the charge density 

of the group 1 cations and relate this to the trend in lattice 
enthalpies of the group 1 chlorides. 6. Calculate the charge density of each cations 


5. Calculate the volume of each cation. 


Relevant skills 7. Plot two graphs: one graph showing the relationship 
between ionic radius and latticerenthalpyyand the 


aol sess prane amanipun other, between charge density,and lattice enthalpy. 


* Tools: General mathematics 8. Describe and explain the trends shown in the 
e Inquiry 1: State and explain predictions graphs. 
e Inquiry 2: Identify, describe and explain patterns, 9. Discuss the differences between the two 
trends and relationships graphs. 
Instructions 10. Evaluate your prediction, including a comparison 


of thegraphsyou obtained in 7 andthe sketched 


Part 1: Prediction graphs you obtained in 2. 


1. Forthe group 1 cations, predict the relationship - . : J ag 
11. @Consider possible extensions toithis investigation: 


between: 
a. ionic radius and lattice enthalpy of their chlorides ue other aspects of ionic radius, charge density and 
b. charge density and lattice enthalpy of their lattice enthalpy couldyyou explore? 

chlorides. 


2. Sketch the graphs you expect to obtain forthe 
relationships above. 


Part 2: Data collection 


3. Collect the following data for thegroup hchloridés: 
ionic charge, ionic radius, lattice enthalpy. Possible 
sources of information includethe data booklet and 
online databases. Cite each source appropriately. 


4. Input your data into a spreadsheet and organizeitinto 
a suitable table. 


Practice questions 

1. Write equations, including state symbols, that represent the lattice 
enthalpies of KBr, CaO and MgCl... 

2. State and explain whether you expect KF or K,O to have a lower lattice 
enthalpy value. 

3. State and explain which of the following ionic compounds you expect to 
have the greatest lattice enthalpy value: NaCl, MgCl, Na,O or MgO. 

4. Describe and explain the trend in lattice enthalpy of the group 1 chlorides 
down the group from LiCl to CsCl. 


Properties of ionic compounds 


The properties of ionic compounds are due to their structural features: they 
contain cations and anions held together by strong electrostatic attractive forces 
ina lattice. 
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Volatility 


Volatility (from the Latin volare, to fly) refers to the tendency of a substance to 
vaporize (turn into a gas). For an ionic compound to turn into a gas, the strong 
electrostatic forces of attraction holding the ions together must be overcome. 
The volatility of ionic compounds is therefore very low: they are said to be “non- 
volatile”. This also means they have high boiling points. 


lonic compounds typically have high melting points too. The melting point of 
sodium chloride is approximately 1075 K. Magnesium oxide, frequently used in 
furnaces due to its ability to withstand high temperatures, melts at around 3098 K. 


Electrical conductivity 


In order to conduct electricity, substances must contain charged particles that are 
able to move. lonic compounds contain charged particles, cations and anions. In 

a solid ionic lattice, cations and anions can vibrate around a fixed point, but they 
cannot change position. Solid ionic compounds do not conduct electricity because 
ions in a solid lattice are not mobile. When molten or aqueous, both cationsand 
anions are free to move past one another, allowing them to conduct electricity 
when a potential difference is applied. 


A solid ionic 
compound 
cannot conduct 
electricity 
because the 
ions cannot 
move. They 

are fixed in the 
regular 
arrangement. 


heat 


When an ionic compound is 
dissolved in water, it can conduct 
electricity because its ions can 
move among the water molecules. 


strongly and melts, the ions can 
move around and the molten 
compound conducts electricity. 


Some ionic compounds have 
uncharacteristically ow melting 
points and can be uséd as 
solvents. Such ionic liquids can 
be describéd as.“greén solvents” 
because they are non-volatile. This 
means they canbe more easily 
contained and, often, reeycled, 
This, however, does not necessarily 
mean they are harmless. Their 
manufacturing ,disposal and 
transportation can,have significant 
environmental impacts. 


A Figure 15 These are waste separation 
bins in Jakarta, Indonesia. The leftmost bin 
(red) is for batteries. Electrolytes in batteries 
conduct electricity because they contain 
mobile ions. Used batteries are frequently 
separated from other types of waste to 
prevent them from ending up in landfill. 
This is because batteries contain valuable 
metals and other substances, which can 
be recycled. Do you separate your used 
batteries from other household waste? 


<4 Figure 16 Molten and aqueous ionic 
compounds are electrical conductors 
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Solubility 


lonic compounds are typically soluble in polar solvents such as water, and 
insoluble in non-polar solvents such as hexane. 


Water is a polar solvent. The difference in electronegativity between the oxygen 
Polarity is discussed in greater and hydrogen atoms, combined with the bent geometry of the water molecule, 
detail in Structure 2.2. result in the water molecule having a partial negative charge on the Oxygen atom 
and partial positive charges on the hydrogen atoms. 


Imagine an ionic compound being added to water. The, water molecules position 
themselves so that their partial negative chargespoint towards the cations, and 
their partial positive charges point towards the anions. As a result, individual ions 
are pulled out of the lattice and become surrounded by water molecules. Inthe 
case of a non-polar solvent, there is no attraction between the ions of theionic 
compound and the solvent molecules, so.the cations and anions remain within 
the lattice. 


Draw a labelled diagram 
explaining why ionic compounds 

conduct electricity when molten or 
dissolved, but not when solid. 


A figure 17 The dissolution of ionic compounds in water involves interactions between ions and water molecules 


Not all ionic compounds dissolve in water. This is because there are two 
competing forces of attraction present: 


e ionic bonds between cations and anions in the lattice 
* the association between the ions and the partial charges of water molecules 


lonic compounds are insoluble when the electrostatic attractions between the 
cations and anions in the lattice are stronger than the association between the 
ions and water molecules. Examples of ionic compounds that are insoluble in 
water include calcium carbonate and silver chloride. 
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(an) Research skills 


Heavy metal ions, such as lead and nickel, often form insoluble salts. 

Some wastewater treatment processes take advantage of this property, 

removing heavy metals out of industrial effluents through precipitation. 

e Use the internet to research other examples of precipitation reactions 
and their uses. 

e Describe and explain the changes that are observed when a 
precipitate is formed. 


G Linking questions 


What experimental data demonstrate the physical properties of ionic 
compounds? (Tool 1, Inquiry 2) 


How can lattice enthalpies and the bonding continuum explain the trend. in J & Figure 18 Close-up photograph of the 


melting points of metal chlorides across period 3? (Structure 3.1) __ formationofa lead(ll) chromate precipitate 
- in the reaction between aqueous solutions 


ofl@ad(ll) nitrate and potassium chromate 


A Figure 19 Salt flats at Salar de Uyuni in Bolivia, which are mainly made of halite, the 
mineral form of sodium chloride. The brine below the rock salt crust is rich in dissolved metal 
ions, particularly lithium. Global demand for lithium is increasing due to its use in batteries. 
Lithium-ion batteries can be used to power mobile phones, laptops and electric vehicles 
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The patterns in aqueous solubility of several common 
ionic compounds are often referred to as solubility 
rules. We can use these differences in solubility to help 
us deduce the identity of an unknown ionic compound. 
In this task you will mix different solutions of ionic 
compounds and observe whether an insoluble product 
(known as a precipitate) is produced. 


Relevant skills 


e Tool 1: Recognize and address relevant safety and 
environmental issues in an investigation 


e Inquiry 2: Interpret qualitative data 
Safety 
e Wear eye protection. 


e Dilute calcium nitrate and silver nitrate solutions are 
irritants. 


e You should take care when handling all solutions 
because you do not know exactly which is which. 
They are all potential irritants. 


e Collect and retain any precipitates formed. 


e Dispose of waste solutions and precipitates.according 
to your school's guidelines. 


Materials 

e Clear plastic sheet on a black background 
e Pipettes 

e Small piece of copper wire(~0.5 cm long) 
e Dilute acid solution 


e Samples ofsolutionslabelled A, B, € and D 


Instructions 


Part 1: Solubility rules 


General solubility rules can be inferred from the:data in 
table 7. For example: 


e Allnitrates are soluble. 


e Sulfates are generally insoluble, except group 1 
sulfates and ammoniumsulfate. 


Study table 7 and infer at least three more general 
solubility rules. 


Part 2: Identificatiomof ionic compounds 


You will be provided with samples of solutionsylabelled 
A, B, C, and Ds These solutions are potassium carbonate, 
sodium chloride,silver nitrate andicalcium nitrate, but you 
do not know which is which. Your job is to identify each 
solution, using the materials listed and the solubility rules. 
You may’also draw from your knowledge of other areas 

of chemistry. 


Note you do not have to mix the solutions inside test 
tubes, You/can prepare'small-scale mixtures of solutions 
by,mixing a drop of each on a plastic sheet. If a precipitate 
is formed, the solution will become opaque. This will be 
easily observable, particularly if you lay the sheet ona 
black background. 


Devise a method, present it clearly, and show it to your 
teacher. If they approve it and if you have time, try it out! 


ethanoate, 
CH,COO- 


chloride, Cr 
hydroxide, OH" 
sulfate, SO, 


uble 


Anions. 


uble 


Cations 
group 1 cations ammonium, | barium, ; : lead, 
(Lit, Nat, K+) NH + Baz* calcium, Ca”* | silver, Ag* Pb2* 
' ' le 
aE an 
nitrate, NO; ub soluble soluble soluble soluble 


soluble soluble soluble ea 
soluble | soluble insoluble | insoluble 
soluble insoluble | insoluble | 


insoluble | ‘ 


ole insoluble 


carbonate, CO,” 


[insoluble 


insoluble insoluble 


i insoluble | 


A Table 7 Aqueous solubility of common ionic compounds 


Structure 2.1 The ionic model 


End-of-topic questions 


Topic review 


]. Using your knowledge from the Structure 2.1 topic, 
answer the guiding question as fully as possible: 


What determines the ionic nature and properties of a 
compound? 


2. Explain why ionic substances are always compounds. 


Exam-style questions 
Multiple-choice questions 


3. The elements in group 17 generally form ions with 
which charge? 


A. 7+ 
B. 1+ 
C. l- 
D. 7- 


4. The ion of element X has a 2+ charge and contains 20 
protons. Give the full electron configuration ofthis ion. 


A. 1s?2s*2p®3s?3p® 
Baw 1s22s22p23s73p 4 se 
Ey 1s22s22p23s23p°sas 
D. 1s?2s?21p°3s?3°4s?3d? 


5. Which statement about ionic compounds is correct? 


A. lonic bonding results from the electrostatic 
attraction between cations andianions. 


By Calcium fluoride is made upiof CaFymolecules. 


C4 lenic structures contain delocalized electrons when 
molten or dissolved, butnot when solid. 


D. “Ions are held togethenbecause anions transfer 
electrons to.cations. 


6, What is thename’ofGaSO,? 


As, carbon sulfite 
B. calcium sulfite 
C. carbon sulfate 
D 


calcium sulfate 
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What is the formula of sodium nitrate? 


A. NaNO, 

B. NaNO, 

Cc. Na,N 

DE SANG 

Which compound has'the largest value of lattice 
enthalpy? 

A. CaS 

Baa Cali 

C. fies 

p. KO 


2 


Which statement is‘correct? 


A: Lattice enthalpysincreases when the radii of the 
compeonentions increase. 


B. Lattice enthalpy represents the energy needed to 
transfer an electron from a cation to an anion. 


C. Lattice enthalpy decreases when the charge of the 
component ions increases. 


DF Lattice enthalpy increases when the charge density 
of the componentions increases. 


. Which equation correctly represents the lattice enthalpy 


of potassium oxide? 


A. K,O(s) > 2K*(g) + O7(g) 

B. K,O(s) > 2K(s) + 20,9) 

C. K,O(s) > K,?*(g) + 07g) 

D. K,O(s) > 2K(g) + 20,(g) 

. List the lithium halides in order of increasing lattice 

enthalpy. 

A. LiF, LiCl, LiBr, Lil 

B. LIF, LiBr, LiCl, Lil 

© aer bel ie 

D. Lil, LiCl, LiBr, LiF 
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12. Which substance has an ionic structure? 


Deduce the'eharge of the dichromate(Vi) ion. D] 


Potassium dichromate(VI) contains chromium. 
Chromium isa transition elementthat commonly 
forms form Cr+ ions and €r** ions among others. 


i. Write the abbreviated electron configuration 
of achromitum atom. 0] 


ii. Copy the diagram below and draw 
arrows in the boxes to represent the 
electroniconfiguration in the 3d and 4s 
orbitals of ai€r?* ion. fl] 


iii. Write the full electron configuration ofa 


Vitae Solubility Electrical Electrical 
3 a conductivity conductivity 
po in water E 
when molten when solid 
A |36 high none none 
B |186 low none none 
c |1083 high good none | 
D |1710 low good good | 
Extended-response questions 
13. Calcium fluoride has applications in the field of optics. & 
a. Deduce the formula for calcium fluoride. n] d. 
b. Describe the structure and bonding in solid 
calcium fluoride. [3] 
c. Explain why solid calcium fluoride is a poor 
electrical conductor, but molten calcium fluoride 
can conduct electricity. [2] 
d. The lattice enthalpy of calcium fluoride is 
2651k) mol". 
i. Write an equation, including statesymbols, 
that shows the process associated with the 
lattice enthalpy of calcium fluoride, [2] 
ii. Explain why the précess in parti) is 
endothermic. fl] 


iii. The lattice enthalpy of calcium oxide, CaQ; 
is 3401k] mol". Explain why theplattice 
enthalpy ofcaleiumyoxide is greater than 
that of ealeium fluoride. [2] 


14. Certain typés of breathalyser contaimthe bright orange 
ionic compound potassium dichtomate(VI), K,Cr,O,. 


a. 


Write the full electron configuration of a 
potassium ion, O] 


Explain why the difference in mass between a 
potassium atom and a potassium ion is 
negligible. 0] 


Crt ion. fl] 


15. The equation below shows the formation of lithium 
fluoride from its elements under standard conditions. 


Li(s) + F,(g) > LiF(s) 


a. 
b. 


G: 


Balance the equation. fl] 
Identify the charge of the lithium ion. 0] 


Identify the oxidized species and the reduced 
species in this reaction. 0] 


Sketch a diagram showing the structure of 
lithium fluoride. [2] 


Kiii WAA The covalent model 


What determines the covalent nature and properties of a substance? 


Covalent bonds lead to a vast range of different substances. 
From water to diamond to nitrogen gas, from oils to 

plastics to polyatomic ions, these species contain atoms 
held together by strong covalent bonds. Covalent bonds 
lead to the formation of two different types of structure: 
covalent network structures (also known as giant covalent 
structures) and molecular covalent structures. 


In general, covalent substances are poor electrical 
conductors. 


co 


Substances with covalent network structures arealso 


characterized by high melting points and boiling points, 


low volatility and poor solubilityin water. Substances with 
molecular structures, onthe other hand, generally have 
low melting points and boiling points. Their solubility and 


volatility vary greatly depending,on their intermolecular 
forces. 


In Structure, 2.2; yOuwill learn what a covalentibond is, 
how we represent molecules as'well.as how we describe 


and explain theinshapes andjintermolecular forces. You 
will also learnabout covalent network structures. 


Understandings 


Structure 2.2.1 — A covalent bond is formed by the » 
electrostatic attraction between a shared par of Peek Us 
and the positively charged nuclei. 


The octet rule refers to the tendency of atoms to gain a 
valence shell with a total of 8 electrons. , x 
Structure 2.2.2 — Single, double and triple bonds 
involve one, two and three shared paits of electrons 


respectively. 


Structure 2.2.3 — A.éoordination bond is a covalent 
bond in which both the electrons of the sharedpair 
originate from the same atoms 3 

Structure 2.2.4 The Valénce Shell Electron 

Pair Repulsion (VSEPR) model enables the 

shapes of molecules to be predicted fromthe repulsion of 
electron domains around a centfal atom. 

Structure 2.2.5 — Bond polarity results from the 
difference in electronegativities ofthe bonded atoms. 
Structure 2.2.6 — Molecular polarity depends on both 
bond polarity and'molecular geometry. 

Structure 2.247 — Carbon and silicon form covalent 
network structures. 


Structure 2.218 — The nature of the force that exists 
between'molecules is determined by the size and polarity 
of the molecules. Intermolecular forces include London 
(dispersion), dipole-induced dipole, dipole-dipole and 
hydrogen bonding. 


Structure 2.2.9 — Given comparable molar mass, the 
relative strengths of intermolecular forces are generally: 


London (dispersion) forces < dipole-dipole forces < 
hydrogen bonding. 

Structure 2.2310 — Chromatography is a technique 
used to'separate the components of a mixture based on 
their relative’attractions involving intermolecular forces to 


“mobile and stationary phases. 


Structure 2.2.11 — Resonance structures occur when 
» there is more than one possible position for a double 
bond in a molecule. 


Structure 2.2.12 — Benzene, C,H, isan important 


example of a molecule that has resonance. 


=i 
<= 
< 


Structure 2.2.13 — Some atoms can form molecules in 
which they have an expanded octet of electrons. 


Structure 2.2.14 — Formal charge values can be 
calculated for each atom in a species and used to 
determine which of several possible Lewis formulas is 
preferred. 


Structure 2.2.15 — Sigma bonds (a) form by the head-on 
combination of atomic orbitals where the electron density 
is concentrated along the bond axis. 


Pi bonds (7t) form by the lateral combination of p orbitals 
where the electron density is concentrated on opposite 
sides of the bond axis. 

Structure 2.2.16 — Hybridization is the concept of 
mixing atomic orbitals to form new hybrid orbitals for 
bonding. 
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Structure 2 Models of bonding and structure 


Covalent bonds and molecules 
(Structure 2.2.1) 


Covalent bonds are formed when atoms share pairs of valence electrons.A 
covalent bond results from the electrostatic attraction between a shared painof 
electrons and the positively charged nuclei of the atoms involved inthe bond. 


Diatomic hydrogen, H,, is the simplest covalent molecule. It consists of two 
hydrogen atoms held together by a covalent bond made from one electron 
from each hydrogen atom (figure 1). Atoms can share one, two or three pairs 
of electrons, forming single, double or triple bonds, respectively. Figure 1 also 
shows the formation of the double covalent bond in diatomic oxygen, O, 


ii A sharedipair of 
F : electrons gives both 
\ H í H —- NA atoms a stable 
= arrangement and forms 


Hydrogen atoms Hydrogen molecule a single covalent bond 
eee a aa ees n 
\ rA This is a double 
covalent bond (two 
O | O 


shared pairs of electrons). 
Only the electrons in the 
highest energy level (outer 
shell) are shown here 


Oxýgen atoms Oxygen molecule 


A Figure Covalent bond formationindiatomic-hydrogen, H,, and diatomic oxygen, O, 


A Figure 2)\Examples of substances that contain covalent bonds: plastics, graphite (in pencil leads), fizzy water, and the carbon dioxide 
bubbles in it 
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Structure 2.2 The covalent model 


Draw a diagram to show the triple covalent bond in diatomic nitrogen, N,. 


Electronegativity 


Covalent bonds generally form between atoms of relatively high 
electronegativity, typically non-metals. In Structure 2.1, we saw that ionic bonds 
form when the electronegativity difference between two atoms is greater than 
1.8. When the difference in electronegativity between the atoms is less than 1.8 
(figure 3), the bond between them is predominantly covalent. 


ionic greater ionic 
Tele | Character 


greater covalent 
character 


electronegativity difference 


A Figure3 Electronegativity differences 
that are lower than 1.8 suggest that covalent 
bonding is present 


Unlike ionic substances, which arealways compounds, covalentsubstances 
can be either elements or compounds»Whenytwo non-metal atoms'ofthe same 
element bond together, the electronegativity differenceiszero, so they forma 
covalent bond between them. 


Electronegativity increases across periods and up groups. Iftwo atoms of 
relatively high electronegativityare found close to each other in the periodic 
table, the bonds they formare likely to be. covalent.\For example, oxygen and 
fluorine form covalentbonds with each other. 


Practice questions 4 L” 
lay Determine whether the following pairs of elements bond covalently or 
ionically, by referring,to their electronegativity values: 
a. carbon and oxygen 
b. sodium and oxygen 
œ earbonand hydrogen 
d. chlorine and oxygen 
e€ iodine and iodine 
f. 


aluminium and fluorine 


Yas discussed in Structure 2.1, 
there is no sharp borderline 
between ionic and covalent 
bonding. Bonding occurs along 
a continuum, with greater ionic 
character at one end and greater 
covalent character at the other. 
Structure 2.4 addresses this 
continuum in more detail with the 
bonding triangle. 
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Structure 2 Models of bonding and structure 


TFINSH FINIH FINIH 
H H H 
:F—N—H IF—N—H 
H H 


A Figure 4 These are all acceptable Lewis 
formulas of fluoroamine, NH,F 


Tol» O 0: 
:O=0% 


AN- 4 PN: — : Nè N” 


aN =N: 


A Figure 5 By sharing a pair of electrons, 
two fluorine atomsican obtain a full octet of 
valence electrons“Oxygen atoms can do 
this by sharing two pairs of electrons, and 
nitrogen atoms share three pairs 


120 


Lewis formulas 


Groups of atoms that are covalently bonded together are called molecules. The 
way valence electrons are arranged in a molecule can be shown using Lewis 
formulas. In Lewis formulas, pairs of valence electrons are represented as dashes, 
pairs of dots or pairs of crosses, or a combination of all three. Consider the 
various Lewis formulas of fluoroamine, NH,F, in figure 4. 


Here are the rules for drawing Lewis formulas regardless of whether dots, crosses 
or dashes are used: 


1. 


2 
3. 
4 


Only valence electrons are shown. 
Electrons are arranged in pairs. 
Each pair of electrons shared between two atoms represents a covalent bond, 


Electrons in a bond (termed bonding electrons) are positioned inthe region 
between the two atoms involved in the bond. 


Non-bonding electrons (also referred to as lone pairs) are positioned away 
from the region between the two atoms involved inthe bond. 


Atoms in Lewis formulas generally have noble gas‘electron configurations. This is 
known as the octet rule because noble gasesften have eight valence electrons. 
Noble gases already have full octets and de not readily gain, lose or share 
electrons. Henee, they are usually foundin an unbonded, monatomic form. 


The octet rule isa useful rule of thumbpbut ithas limitations. It does not explain 
why some)noble gases form bonds in certain situations. Sometimes atoms can 
form stable molecules even with fewerthan an octet of electrons. Conversely, 
larger atoms can form expanded octets (this is seen at AHL). Species with odd 
numbers of valence electrons.aré also exceptions to the octet rule. 


Following thesesteps will help you draw Lewis formulas in most cases: 


I 


Work out the total number of the valence electrons for each atom in the 
molecule. 


Divide the total number of valence electrons by two to work out how many 
pairs of electrons there are. 


Arrange the atoms by drawing their symbols on the page. The element with 
the least number of atoms is usually found in the centre. Hydrogen atoms 
always surround the central atom(s). 


Bond the central and peripheral atoms together by drawing single bonds 
between them. Each single bond represents an electron pair. 


Assign non-bonding pairs of electrons to the peripheral atoms. Keep going 
until they achieve noble-gas configurations. 


Assign any remaining electron pairs to the central atom(s). 


Check that the central atom has a full octet. If it does not, try the following 
two methods: 


* — Reassign non-bonding pairs on the peripheral atoms to become 
additional bonds to the central atom 


e — Check that the molecule you are looking at is not an exception to the 
octet rule (see page 123 for examples) 


Structure 2.2 The covalent model 


Worked example 1 
Draw the Lewis formulas of each of the following molecules: 
a. water, H,O b. 


nitrogen trichloride, NCI, G 


Solution 
Follow the steps above for each molecule: 


Step 1 Count 
valence electrons 


hydrogen: 1x 2=2 
oxygen: 6 


nitrogen: 5 
chlorine: 7 X 3 = 21 


carbon dioxide, CO, 


_carbon;4 
( oxygen: @x2 = 12 


There is only one oxygen, so it 
is likely to be in the centre. There is only one nitrogen, so it 


is likely tobe in the centre. 


Total: 2+6=8 Total: 5 + 21 = 26 Total: 4+12=16 
Step 2 Calculate 8 3 26 7 16 ; 
—=4 a= (3 [— #2 
the number of 2 pa 2 aks | 2 eps 
electron pairs | 
Step 3 Arrange Al @ H CI | ® @ O 
theaieme Hydrogens on the periphery. Cl N cl | There is only one carbon, so it 


_is likely.to be in the centre. 


bonding pairs on 
peripheral atoms 


atoms already,have noble gas 
configurations becausethe 
first energy level only holds up 
to two electrons. They do not 
need any more electrons. 


:CREEN — Ci: 


The ¢hlorine atoms now have 
full octets. 


Step 4 Draw the H—O—H Cl È o—c—o 
single bonds ; l | - 
2 pairs used so far... cl—N—cl 2 pairs used so far... 
3 pairs usedbso far... 
Step 5 Putnon- | The peripheral hydrogen “Ch (oO. 66s 


| The oxygen atoms now have 
| full octets. 
| 8 pairs used so far... 


12 pairs used so far... 


| :Cl: 


Step 6 Put 
any remaining 
electron pairsen 
thelcentràāl atom 


H—O—A, 


The 2 remaining electron pairs ava ale 
: 76 —— Nils 
are assigned:toithe oxygen. - . - 
The remaining electron pair is 
assigned to the nitrogen. 


| We have used all 8 available 
| electron pairs. None are 
available for the central carbon. 


| Step 7 Check Oxygen has 4 electron pairsin — Nitrogen has 4 electron pairs in 
that the central theLewis formula, therefore a the Lewis formula, therefore a 
atom has a full full octet. full octet. 
octet 


| n O 

| :O —€C— 0: 

| The carbon atom has only 

| 2 electron pairs in this Lewis 

| formula. 

| We need to reassign two of the 
| non-bonding pairs on the oxygen 
| atoms to form double bonds: 

| 

| Now the carbon atom has 4 

| electron pairs and therefore a 
| full octet. 
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Structure 2 Models of bonding and structure 


Polyatomic ions are charged groups of covalently bonded atoms. The 
magnitude of the charge indicates how many electrons have been lost or 
gained. Lewis formulas of polyatomic ions are enclosed in square brackets, with 
the charge indicated with a superscript outside the brackets. When counting 
the valence electrons, you also need to factor in the charge: for every additional 
negative charge, you add an electron, and for every additional positive charge, 
you subtract an electron. This is illustrated in the next set of workedsexamples. 


Worked example 2 


Draw the Lewis formulas of the following ions: 


a. hydroxide ion, OH- b. carbonate ion, CO,” c. hydroniumion, H,0* 
Solution 
Follow the steps above for each ion: 
| Step 1 Count oxygen: 6 carbon: 4 hydrogen: 1x 3=3 
valence hydrogen: 1 oxygen: 6 x 3=18 oxygen: 6 
electrons This polyatomic ion has a This polyatomic ion.has a This polyatomic ion has a 
1- charge, meaning that it 2- charge, meaning that it (14 charge, meaning that it 
has one additional electron. has two additional electrons. | has One fewer electron. 
| Total:6+1+1=8 Total: 44.184 2=24 A “Total: 3+6-1=8 
Step 2 8 : 24 A #8 : 
~=4 =) 2 — = 4 
Calculate the 2 E a a oy Pals 
number of | 
| electron pairs y 4 ` 
Step 3 Arrange © H Ə H 
the atoms 6 4 
© H 
© © 
Step 4 Draw the @—H © I< H 
smnglepends Iypair used so far... € 
on `o i 
3 pairs used so far... 
3 pairs used so far... 
| r .. 
Step5 Putnon- The hydroxideiion ‘has only two <O: The peripheral hydrogen atoms 
bonding pairs atoms inithso yoùfdo not need have noble gas configurations 
bon peripheral to distinguishibetween central € and therefore do not need any 
atoms and. peripheral atoms here. 07 Ser more electrons. 
Skip thisstep. T aoe 
The oxygen atoms now have 
full octets. 
Lf = 12 pairs used so far... 
Step 6Put oH We have used all 12 available H o H 
any remaining oe . electron pairs. None are 
electron pairs The remaining 3 electron pairs available for the central carbon. H 
MECIE are assigned to the oxygen 
ktomm atom. The hydrogen already The fourth electron pair is 
has a noble gas configuration. assigned to the oxygen atom. 
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| Step 7 Check a z | :5: e 
| that the central | OE H] | Š ii : 
Busia il All atoms have noble-gas ple 
octet ; LO No: 5 
configurations. ae we 


Note the square brackets and 
charge, which are used in the 
Lewis formulas of polyatomic 
ions. 


The carbon atom has only 

3 pairs in this Lewis formula. 
We need to reassign one of the 
non-bonding pairs on the oxyge 
atoms to forma double bond: 


Sometimes molecules contain atoms that demnot follow the octet rule. At Sb, T 
you should be aware of Lewis formulas that contain.atoms with fewer thaneight 

valence electrons. Consider the aíraħgemeħt ofthe 12 electron pairs offboron | 

trifluoride, BF, in the Lewis formula shown in figure 6. Here, the boron atom has B 


only three pairs of electrons around it. The boron atom is electron deficient. a Meen 
Similar to boron, many othéenelements of groups 2 andil 3 formstable electron- “ee + 
deficient molecules. These include beryllium, magnesium and aluminium. In Lewis A Figure 6 Lewis formula of boron 
formulas of such moléeules, group 2 elements\(Be and Mg) have only two bonding trifluoride 


electron pairs while group 13 elements (B and Al) have three bonding electron pairs. 


prekticAqudstions : rw 


2._.¢Drawithe Lewis formulaofeach of the following: 


Ma S A Dad b. BCI; 
A k Bec, NX a d. AICI, 
e. CH," Lm } 
fo. Draw t the Lewis Mula of each of the following: 
a. ABr \ b. OF, 
ac RO, d O, 
ea, HEN f CH,CI 
g. /CH,O h. NH3 
4. Draw the Lewis formula of each of the following: 
a. NH,* b. NO, 
c. NO,* d. NO, 
e. OCF 
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G Linking questions 
j What are some ofthe limitations of the octet rule? 


Why do noble gases form covalent bonds less readily than other elements? 
(Structure 1.3) 


Why do ionic bonds only form between different elements while covalent 
bonds can form between atoms of the same element? (Structure 2.1) 


Bond order (Structure 2.2.2) 


The hydrogen molecule, H,, shown in figure 7, contains a singleybond. The 
oxygen molecule, O,, contains a double bond. Diatomic nitrogen, N, contains 
atriple bond. 


H — H O16) NÆ N: 


A Figure7 Hydrogen, oxygen and nitrogen molecules withdiffering bond order 


single double triple 


increasing strength 


increasing length 


A Figure 8 The relationship between bond order, bond length and bond strength 


The number of bonded electron pairs between two atoms is referred to as bond 
order. Single bonds (bond order 1), double bonds (bond order 2) and triple 
bonds (bond order 3) differ in their strength and length. Double bonds are 
stronger than single bonds, and triple bonds are stronger still. Triple bonds hold 
atoms closer together than double bonds, and hence triple bonds are shorter 
than double bonds. Double bonds are, in turn, shorter than single bonds. Figure 


es n ce \ e 8 shows this pattern for carbon-carbon bonds. 
Bond efithafpies. discussed in p ; ; 
Reactivity 2. a) Bond strength and length can be quantified. The stronger a bond is, the larger its 
TW ® bond enthalpy. 
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Structure 2.2 The covalent model 


Bond length is defined as the average distance between two bonded nuclei. Table 
1 shows bond enthalpy and bond length data for carbon-carbon single, double and 
triple bonds. The carbon-carbon triple bond is the shortest but also the strongest. 


Bond Bond enthalpy (at 298 K) / kj mol" Bond length / 107? m 
C-C 346 154 
C=C 614 134 
C=C 839 120 


© Data-based question 


The bond enthalpy ofa carbon-nitrogen triple bond is 890k] mol"! and its bond 
length is 116 x 1072m. Use these data and the information in table 1 to predict 


the bond enthalpies and bond lengths of single and double carbon-nitrogen 
bonds. Then compare your predictions with the values in the data booklet: 


(aru) Communication skills 


Graphs often complement written explanations. Theparagraph below 
explains why a covalent bond forms between two hydrogen atoms by 
describing the relationship between potentialienergy and the distance 
between two hydrogen atoms. Read it and try to represent what it is 
describing by sketching a graph of potential energy (y-axis) vs distance 
between hydrogen nuclei (x-axis). 
Two hydrogen atoms have no efféet on each other if they are 
separated by a sufficiently large distance. As the two atoms 
approach each other, the electrostatic attraction between the 
hydrogen nuclei andkeach other's electrons,inereases1 his process 
leads to a decrease in potential energy. As, the atoms get closer, 
they reach a point where the two nucleiattraet.the two electrons 
in the pair, effectively sharing thêm! This arrangement occurs at a 
potential’energy minimum, meaningthat the molecule is energetically 
stable, If the atoms were to get any closer together, the resulting 
repulsiombetween the two positively charged nuclei would outweigh 
the attraction for the shared. pair of electrons, leading to a rise in 
potential energy» 
When you have finished)compare your sketch graph to a potential energy 
curve. You can find one by typing “hydrogen molecule potential energy 
curve" into asearch engine. 
What.can graphical representations add to explanations such as the one 
above? To what extent is a graphical representation better than a textual 
description? 


<4 Table 1 Bond enthalpies and.boond 
lengths of carbon-carbon bonds 


G Linking question 


How does the presence of double 
and triple bonds in molecules 
influence their reactivity? 
(Reactivity 2.2) 
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Structure 2 Models of bonding and structure 


The formation of coordination 
bonds is a feature of electron pair 
sharing reactions, as discussed in 
Reactivity 3.4. 


> Figure9 Different representations 
of the hydronium ion, showing the 


coordination bond 


The properties of compl 


and their reactions ar 
Reactivity 3.4. 


D iokindiquest š 
INKIN uestion 

tiap TOAN, 
tmWhy do Lewis acid-base 


reactions lead to the formation,of 
coordination bonds? (Reactivity 3.4) 
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Coordination bonds (Structure 2.2.3) 


We have seen that a covalent bond is formed when each of the two atoms in 
the bond contributes an electron to the bond. Sometimes both the electrons 
in the covalent bond come from the same atom. The resulting bonds are called 
coordination bonds. For example, when a hydrogen cation encounters a 
water molecule, a coordination bond is formed, leading to the formationof a 
hydronium ion (figure 9). Coordination bonds are often indicated With.an arrow 
along the bond. The direction of the arrow shows which atem donated the 
electron pair to the bond, and which atom accepted the electron pair. 


coordination bond 


Coordination bonds help to'explain how bonding occursin.certain molecules. 
Once formed, coordination bonds are indistinguishable from any other 
covalent bond. 


Ce questions AQ D) 3) 


Draw the Lewis formulas of the following molecules, indicating the 
coordination bondsclearly. 


a-b ammonium ion, NH% 

b. iozone, O, 

c. carbon monoxide, CO 

d. ammonia boron trifluoride, NH, BF, 


Coordination bonds in transition metal complexes 


Transition metals can form complex ions such as the one shown in Figure 10. These 
complexions contain coordination bonds, which hold together the central metal 
cation and the surrounding atoms or groups of atoms, called ligands. 


Axcommon feature of all ligands is a lone pair of electrons, which can be used to 
form the coordination bond to the metal ion. 


= H20 2+ 
Os .OH j 
2 "ey | o 2 J 
Cu; w., fài 
20” “OH2 
H20 
[Cu(H20)6] 7 


A Figure 10 Water molecules form coordination bonds with copper(II) cations, leading to 
the formation of a blue hexaaquacopper(II) complex ion 


Structure 2.2 The covalent model 


The valence shell electron pair repulsion 
model (VSEPR) (Structure 2.2. 4) 


You might have come across a Lewis formula for water that shows the two 
hydrogen atoms at an angle. Such formulas better illustrate the geometry of the 
molecule. This can also be shown by ball-and-stick and space-filling models 
(figure 11). 


Two-dimensional representations of molecules such as Lewis formulas do not 
reflect the three-dimensional arrangement of atoms in a molecule. The three- 
dimensional shape of a molecule is termed molecular geometry, and it is an 
essential feature of molecules which contributes to their properties. For example, 
the molecular geometry within a structure known as a beta-lactam ring is key to its 
antibiotic properties. This is shown in figure 12. 


Molecular geometry can be explored using the VSEPR model: 
Valence Shell Electron Pair Repulsion 
The VSEPR model is based on the following premises: 


1. Electron pairs repel each other and therefore arrange themselves asyfar apart 
from each other as possible. 


2. Non-bonding (or lone) electron pairs occupy moresspace than bonding pairs 
(single bonds). 


3. Double and triple bonds occupy more space. than single bonds. 


The term electron domain will be useful in'these discussions. An electron 
domain is a region of high electronensity, due tothe presence of electron pairs. 
An electron domain can be: 


e —anon-bonding pair of electrons (known as a lone pair) 
e a bonding pair of electrons (single bond) 
e a double or triple bond (Which involve multiple pairs of electrons). 


The Lewis formulasin figure illustrates this point: the central sulfur atom has 
three electron domains, of which one is a.non-bonding domain, and two are 
bonding domains. One of the bonding domains is a double bond, the other is a 
single bond. 


one non-bonding domain 
composed ofa lone 
pair of electrons 
one bonding domain er Sa 
composed ofa O, (2 
double bond one bonding domain 


composed ofa single bond 


We willnow explore geometries involving two, three and four electron domains 
using VSEPR. Predicting the VSEPR shape of a molecule involves two steps: 


J. Count the number of electron domains around a central atom to deduce the 
electron domain geometry. 


2. Determine how many of these are bonding domains and how many are non- 
bonding domains. 


A Figure) Space-filling model ofa water 
molecule 


>a side chain 


B-lactam ring 


—— 
amide bond x =O 
HO 


A Figure12 The beta-lactam ring (in red 
above) is a common feature of antibiotic 
molecules such as penicillins. The geometry 
of this structure is vital to its reactivity. The 
amide bond hydrolyses readily due to the 
strain caused by the 90° bond angles. 

This means that it can attach to enzymes 
responsible for building bacterial cell walls. 


<4 Figure13 The sulfur atom in sulfur 
dioxide has three electron domains 
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Structure 2 Models of bonding and structure 


A Figure 14 Linear geometry has two 
electron domains at a 180° angle to each 
other 


A Figure 16 Trigonal planar geometry has 
three electron domains at 120° angles to 
each other 


Two domains: Linear geometry 


If there are two electron domains, the electron pairs in those domains repel each 
other. They therefore adopt positions at 180° (figure 14). The angle between 
bonding pairs ina molecule is known as the bond angle. This electron domain 
geometry is called linear to illustrate that the central atom and both domains are 
ona straight line. 


Molecules with this electron domain geometry also have a linear molecular 
geometry. Examples include beryllium chloride, BeCl,, carbon dioxide, CO, 
and ethyne, C,H,. These are shown in figure 15. 


rx wy 180° 
:cifeeta: 6~c46 HLlc=c—A 


A Figure 15 Examples of linear molecules, in which the central atom,has two electron 
domains. Note that double and triple bonds\count as one domain 


Three domains: Trigonaliplanar geometry 


If there are three bonding domains, the electron pairs adopt positions at 120° 
from each other. This electron domain geometry isicalled trigonal planar. 
Trigonal, because the domains form a triangle, and planar, because the atoms lie 
flat ona plane. 


A trigonal planar electron,domain geometry can have two possible molecular 
geometries, depending on the presence of non-bonding domains: 


e “When all three domains are bonding domains, the molecule has trigonal 
planar geometry. 


*, When onlytwo ofthe three domains are bonding domains, and one is a non- 
bonding domain, the molecule has bent (or V-shaped) geometry. 


Examples of each type are shown in figure 17. 


(a) c: (b) 
Pe” a 
N 
cm Be, om =y KD: 
ie SCs of Se O° 


A Figure 17 A trigonal planar electron domain geometry can lead to (a) trigonal planar 
molecular geometry if all three domains are bonding domains, or (b) bent (V-shaped) 
molecular geometry if one of the domains is a lone pair of electrons 


The bond angle in NO, is smaller than the predicted 120°. This is because the 
non-bonding pair (or lone pair) exerts a stronger repulsion than the bonding 
domains, and therefore takes up more space. 


Four domains: Tetrahedral geometry 


If there are four bonding domains, the electron pairs adopt positions at 109.5° 
from each other. This electron domain geometry is called tetrahedral because 
the ends of the domains form the corners of a tetrahedron. 


You might expect four electron domains to arrange themselves in a square 
configuration. However, this would result in angles of 90° between the domains. 
The domains arrange themselves tetrahedrally to maximize the bond angles and 
distances between them. 


A tetrahedral electron domain geometry gives rise to three possible molecular 
geometries, depending on the presence of non-bonding domains: 


e When all four domains are bonding domains, the molecule has tetrahedral 
geometry. 


e When three of the four domains are bonding domains and one is anon- 
bonding domain, the molecule has trigonal pyramidal geometry. 


* When only two of the four domains are bonding domains and two’are non- 
bonding domains, the molecule has bent (or V-shaped) geometry. 


Examples of each type are shown in figure 20. 


SF: < Figure20 A 
| tetrahedral electron 
Si p AE domain geometry 
E ks E R :4 NF: leadsto tetfahedral, 
:F: F: trigonal pyramidal 
ss or bent (V-shaped) 
tetrahedral trigonal pyramidal bentor V-shaped molecular geometries 


Non-bonding pairs occupy more space than bonding domains, which leads to 
decreased bond angles»Methane, Cl,, has no non-bonding pairs, and therefore 
the bond angle corresponds to the predicted 109°5% Ammonia, NH,, has one 
non-bonding pair, and thereforehas a smaller bond angle (107°). Water, H,O, has 
two non-bonding pairs and therefore has an even smaller bond angle of 104.5°. 


The angles andigeometries are shown iin figure 21. Note that some bonds are 
represented using wedges (I=) anddashes (I1) to better convey their 3D 
shape. Wedges.represent bonds thatare;coming out of the plane of the page at 
an angle and dashes represent bondsithat are going into the plane of the page. 


| 
CG tii ph N “ny meu 
J AN H N Í LN 
109.5 107° 104.5° H 


Structure 2.2 The covalent model 


A Figure 18 Tetrahedral geometry has 
four electron/domainsyat 109.5° angles to 
each other 


A Figure 19 Tetrahedral food packages 
are convenient because they can be easily 
filled, stacked and packed. Their invention 
revolutionized the food packaging industry 
in the mid-20th century 


< Figure 21 In methane, CH,, ammonia, 
NH,, and water, H,O, the bond angles are 
all slightly different due to the stronger 
repulsion exerted by the lone pairs 
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Structure 2 Models of bonding and structure 


H 
Joz 


A Figure 22 Multiple bonds generally 
exert a greater repulsion than single bonds 


H 


Multiple bonds 


Multiple bonds (double and triple bonds) count as one domain. A double bond 
represents one domain, but it contains two electron pairs. Similarly, a triple bond 
is one domain composed of three electron pairs. Since multiple bonds contain 
more than one pair of electrons, they exert a greater repulsion than single bonds. 
The increased repulsion causes the bond angles in the molecule to deviate from 
predicted values. 


For example, each carbon atom in ethene has three bonding electron domains 
and hence its molecular geometry is trigonal planar. This would suggest 120° 
bond angles. However, the H-C-H bond angle is\117° and the H-C=C bond 
angle is 121.5°, as the greater repulsion exerted by the double C=C bond 
pushes away both C-H bonding domains. This is shown in figure 22. 


Table 2 shows a summary of the geometryof molecules with two, three and four 
electron domains. 


Number of Nemila 
Electron domain Number of ; of non- Molecular Bond 
: bonding : Examples 
geometry domains 5 bonding geometry angle 
domains > 
domains 
' linear Bel, 
linear 2 2 0 180° CO, 
CN 
| x | 
3 | 0) trigonal planar 120° BF,, NO;, SO, 
trigonal planar 3 ji 
2 ] bent (or V-shaped) | <120° O,,SO,, NO, 
[a dn — ~i — + —— +— 
4 0 tetrahedral 109.5° | CH,,NHj, ClO; 
tetrahedral 4 3 K 1 trigonal pyramidal | <109.5° | NH,, H,O*, PBr, 
2 j] 2 bent (or V-shaped) | <109.5° | H,O, NH5, SF, 
_— P. A = = — — = nn n = 


A Table 2 Summary of the geometries for two)three and four electron domains 


WYou 


Thinking skills 


model electron 


h w 
démains using balloons. If 
you hold several balloons 
at a central point by their 
knots, they will arrange 
themselves as far away from 
each other as possible. The 
central point where the 
balloons meet represents 
the central atom in the 
molecule. How else might 
you model electron 
domains? 


130 


Structure 2.2 The covalent model 


Unlike Lewis formulas, molecular models represent the 
3D geometry of molecules. You will explore the models 
in a VSEPR database to develop your understanding of 
molecular geometry. 


Relevant skills 


e Tool 1: Digital molecular models 
e Too! 2: Identify and extract data from a database 


Instructions 

1. Write a list of the molecular geometries that you need 
to know. 

2. Access a VSEPR database (such as those suggested 
in the Tools for chemistry chapter) and extract two 
examples of species belonging to each molecular 
geometry. If possible, rotate the images to get a sense 
of their three-dimensional shape. 


Practice questions 


6. Identify the electron domain,geometry and molecular 
geometry given the following numbers of bonding.and 
non-bonding domains. 

a. four bonding domains 
b. two bonding domains and one,non-bonding 
domain 

¢. two bonding domains only 

d two)bonding domains andtwonon-bonding 

domains 


e._ three bonding domains and one non-bonding 
domain. 


7. Identify thenumber of bonding and non-bonding 
domains around atoms with the following molecular 
geometries. 


inear 


rigonal pyramidal 


a 
b. 

c. tetrahedral 
d. trigonal planar 
e 


bent (there are two possible answers here). 


3. 


For each, write down the following: 
e electron domain geometry 

* molecular geometry 

e molecular formula 

* bond angle data (if available) 


e 3D sketch of the molecule, including bonding and 
non-bonding domains. 


Draw the Lewis formula ofeach. Then deduce the 
number of bonding domains and non-bonding 
domains, andiwhether the molecule is polar or non- 
polar. 


Organize your data into a suitable table. 


If bend angle data is available, search for examples 
that illustrate: 


ey the effect ofnon-bonding domains on the bond 
angle 


e the effeetof multiple bonds (e.g. double or triple 
bonds),on bond angle. 


Deduce the electron domain geometry and molecular 
geometry of each of the following: 


a. NF, b. CH,Cl, 

c. BF, d. BeH, 

e. HCN & SO; 

g. SF, h. NO, 

Predict the bond angles in each of the species in 
question 8. 


. Methanal is an organic compound with the molecular 


formula CH,O. 
a. Draw the Lewis formula for methanal. 
b. Deduce the molecular geometry of methanal. 


c. Suggest values for the bond angles in methanal. 
Explain your reasoning. 
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Structure 2 Models of bonding and structure 


6+ 5 


A Figure 23 Representation of the 
molecular electrostatic potential of the polar 
covalent bond in HF. Note thatthe bond 
dipole in HF can be represented as.a vector 
(arrow) 


As seen in Structure 2. Thif the 
difference’of electronegativity 
between the two atoms is very 
large (greater thanilx8), then the 
bonding pair ofelectrons is shifted 
almost entirely towards the more 
electronegative atom. Such bonds 
are considered ionic’because 
electrons are transferred, not 
Shared. 
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G Linking question 


How useful is the VSEPR model at predicting molecular geometry? 


Bond polarity (Structure 2.2.5) 


Polarity is related to the way electrons are distributed within bonds and 
molecules. The shared pair of electrons in a covalent bond is not necessarily 
shared equally between the two atoms in the bond. Bond polarity results from 
he difference in the electronegativities of the bonded atoms. 


n the case of identical atoms, such as the two fluorine atoms in F,, theres an 
equal sharing of the electrons in the bonding pair. This is not the ease, however, 
in HF. The fluorine atom has a much,greaterelectronegativity than the hydrogen 
atom, so it pulls the shared electron pair more strongly,thanihydrogen does. This 
eads to what we describe as a polar covalent.bond) with one atom (fluorine) 
adopting a partial negative charge, 6=,. and the other atom (hydrogen) adopting 
a partial positive charge, 6+. 


The separation of charge between two non-identical bonded atoms is called a 
dipole moment. The dipole moment can.be represented by a vector (figure 23). 
This vector is shôwnfas an/arrow along.the bond. Thearrow starts as a plus sign 
at the less electronegative atom in the bond, and points towards the more 
electronegativelatom in the bond. 


Theyshared paif of electrons is shifted:towards the more electronegative atom in 
the covalent bond. The greater the difference in electronegativity between the 
two atoms, the greater this shifts 


If the two atoms,involved in the formation of the covalent bond are identical, the 
bond is said to be a pure covalent bond. The charge is distributed evenly about 
the covalentibond, meaning that it is non-polar and has no dipole moment. 


Practice questions 


11h Rank the following bonds in order of increasing polarity: 
C+H, C-C, C-F, C-O 


12. Explain why Br, is non-polar, whereas HBr is polar. 


G Linking question 


What properties of ionic compounds might be expected in compounds with 
polar covalent bonding? (Structure 2.1) 


Structure 2.2 The covalent model 


Molecular polarity (Structure 2.2.6) 

Molecular polarity is similar to bond polarity, but it describes the electron 
distribution throughout the whole molecule. A molecule is polar when the 
electron distribution leads to a partial negative charge on one end of the 
molecule, and a partial positive charge on the other. This results in a dipole 
moment, p. The value of the dipole moment is often reported in the unit 
debye, D. Polarity is an important trait of molecules because it gives rise to many 


characteristic properties such as volatility, solubility and boiling point. K& 


Molecular polarity depends on both bond polarity and molecular geometry. 
Some examples are given in table 3. 


Lewis formula Polarity pee 
moment /D 


bond dipole o'sa pond dipole | polar 5 KY 
H AANS H 


Molecule 


water, H,O 


| 


net dipole Ca 
H polar. 01 

| bond dipole 
oe nce J 

CI 


«Cl» net dipole o 
F non- 


trichloromethane, 
CHCl, 


boron trifluoride, 
BF, ipo polar 

n- 0 
co, OY ar 
ethane non- (0) 
CH polar 
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Structure 2 Models of bonding and structure 


Molecules are polar when their bond dipoles do not cancel each other out. 
This may occur due to the geometry of the molecule, or because the bonds have 
different polarities. Both water and trichloromethane (table 3) are polar because 
they contain polar bonds that do not cancel out. This results in a net dipole across 
the molecule. 


Molecules are non-polar when their bond dipoles cancel each otherout: 
This happens when the bond dipoles are equal and their arrangement results 

in no net dipole. Examples include boron trifluoride and carbon, dioxide. Both 
molecules contain polar bonds because of the difference in electronegativity of 
the atoms involved. These polar bonds are positionediin such a way that they 
cancel each other out. This means that boron trifluoride and carbon dioxide are 
both non-polar, despite the presence of polar bonds. 


Molecules are non-polar when all their bonds are non-polar. Hydrocarbons 


Practice questions (compounds of hydrogen and carbon),suchas ethane contain two types of 
bonds: carbon-carbon bondsand carbon-hydrogen bonds, Theicarbon—-carbon 
13. Determine whether each of the bonds are non-polar because both,atoms.havethe same electronegativity. 
following molecules is polar or The carbon-hydrogen bonds,are virtually non-polar because of the small 
non-polar: electronegativity difference between the two atoms. In addition, the tetrahedral 
a methane, CH, geometry around each carbon atom results in afet dipole of zero, or very close 
b ammonia, N H, to zero. Therefore, hydrocarbons are generally,non-polar. 
c hydrogen cyanide, HCN So far, we have.only discussed small molecules. Long molecules can have a polar 
d hexane, C,H, region and a’non-polar region, leading tomany interesting applications including 
14. Explain why CO, is non-polar. emulsifiers, soajs and detergents, as well as the phospholipid bilayer in cell 
15. State and explain whether PH, is membranes, Figure 24 shows a typical detergent molecule. Can you identify the 
polar or non-polar. polar and non-polar regions in the molecule? 
H H 
mm / A My H H HHHHH HH 
=C C 
IZ. Vey i lili ltllllitlil 
Nat-G@ Ser so C SC —E—¢C-C —- C= C= C— 6 Ge — CH 
ers ee een 
| O y H H MH A CHP CA H: He CH 
H 
hydrophilic hydrophobic tail 
head 


A Figure 24 A diagram of a synthetic detergent molecule, showing the hydrophobic and 
hydrophilic regions: 


G Linking question 


=) What features of a molecule make it “infrared (IR) active”? 
eae (Structure 3.2) 


Structure 2.2 The covalent model 


Covalent network structures Chemists talk about two types of 
(Structure 2.2. 7) stability: kinetic (Reactivity 2.2) 
and thermodynamic (Reactivity 


Covalent bonds give rise to two different types of structure: molecular and 1), and diamond illustrat A 


covalent network (also known as giant covalent). The atoms in both cases are 


2 ; : : difference well. At hi S, 
joined by covalent bonds, but the two structures are very different in terms of their e thosa oci 
properties. Molecular substances consist of discrete groups of covalently bonded EEE ond 


atoms called molecules. By contrast, covalent network structures contain atoms 
that are held together by covalent bonds in a continuous three-dimensional 
lattice. Examples of covalent network structures include silicon, silicon dioxide, 
and most of the allotropes of carbon, such as diamond and graphite. 


Allotropes of carbon 


Some elements have different structural forms known as allotropes. Carbon is 
one such element, and its allotropes include diamond, graphite, graphene, and 
a group of substances known as fullerenes. They are all composed of carbon 
atoms but have different chemical and physical properties due to their different 
structural arrangements. 5 
(as’being metastable). 
} can read more about 
itaneity in Reactivity 1.4. 


(a) 


A Figure 25 Theallotropes of carbon: (a) diamond, (b) graphite, (c) graphene, (d) carbon nanotubes and (e) buckminsterfullerene, C, 
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Structure 2 Models of bonding and structure 


> Figure 26 The Big Hole: 
a former diamond mine in 
Kimberley, South Africa 


A. Figure 27 A microscope image ofa 
dentist's drill showing the diamond. chips 
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In diamond, each carbon atom is bonded to four other atoms in a tetrahedral 
arrangement. It is one of the hardest substances known. For this reason, it is 
often used in heavy-duty cutting tools such as saws, polishing tools and dental 
drills. Diamond's high refractive index and durability mean that it is also used to 
make jewelry. Diamond is a poor electrical conductor because it has no/mobile 
charged particles—the electrons are all localized in the bonds. It is however an 
excellent thermal conductor: vibrational energy carriers called phonons travel 
well through the highly regular lattice and strong covalent bonds. 


Graphite isComposed of layers of sheets made of carbon atoms. Each carbon 
atom is bonded to\three other carbon atoms in.ar’hexagonal arrangement where 
the geometry around each carbonjatom is trigonal planar. The carbon atoms in 
graphiterare bonded such that one electron per carbon atom is delocalized. These 
delocalized electrons are free to move in the planes above and below each sheet 
and therefore graphite is a good electrical conductor. While the covalent bonds 
between the carbonatoms within the sheets are strong, the forces of attraction 
(Called London (dispersion) forces) between the sheets are weak. This means that 
the sheets,can, be separated easily, making graphite a good lubricant, as well as an 
ideal material for pencil leads. When you use a pencil to write, the force applied 
causes parts.of the graphite sheets to come off, leaving a mark on the paper. 


Graphene is essentially a single sheet of graphite. Graphene is thus one-atom 
hickiand is therefore said to be two-dimensional. Like graphite, it is an excellent 
electrical conductor. It is also flexible, lightweight, transparent and, at the same 
ime, extraordinarily strong. First isolated in 2004, graphene is a promising new 
material, with a vast range of potential applications, from desalination technology 
o bendable electronic displays. 


Fullerenes are a group of carbon allotropes with atoms arranged in interlinking 
hexagonal and pentagonal rings. Some fullerenes form long hollow cylinders: 
hese are known as carbon nanotubes. Due to their size, carbon nanotubes 

are utilized in nanotechnology. Nanotechnology involves the use of atoms, 
molecules and objects with dimensions of less than 100 nm (about 1000 atoms or 
ess across). 


Carbon nanotubes are used to reinforce composite materials. Their exceptional 
strength is due to the strong covalent bonds holding the carbon atoms together. 
Carbon nanotubes have potential applications in electronics because, like 
graphite and graphene, the presence of delocalized electrons means that they 
are good electrical conductors. 


Buckminsterfullerenes, or buckyballs, have a covalent molecular structure. With 
the formula C.o the atoms in buckminsterfullerene are arranged in hexagons and 
pentagons to suggest a very familiar shape: a football. Along with other spherical 
fullerenes, buckyballs could have exciting new roles in medicine as drug carriers. 
Because of its molecular structure, C,, has a low boiling point: overcoming the 


weak intermolecular forces of attraction does not require much thermal energy. 


Silicon and silicon dioxide 


Silicon forms a three-dimensional lattice where each silicon atom is bonded to 
four other silicon atoms in a tetrahedral arrangement. This arrangement is similar 
to that of the carbon atoms in diamond. 


The extensive covalent bonds in the lattice result in high strength, as well as 
high melting point and boiling point. Table 4 contrasts some of the features of 
carbon and silicon. The Si-Si bond is weaker than its C-C counterpart as silicon 
has a larger atomic radius. Therefore, the Si-Si bond is more reactive than,the 
C-C bond. This difference in strength also helps to explain the different melting 
and boiling points. 


C (graphite) Si 

Atomic radius / 107? m 75 114 

X-X bond enthalpy / kj mol" 346 226 

Melting point / °C 3500 1414 

Boiling point /°C 4827 a 3265 

First ionization energy / kj mol" 1086 © 787 ‘a 

X-O bond enthalpy 858 466 
A Table4 A selection of features. of carbomand silicon, where X = Si or C 

nterestingly, despite belonging toithe same periodic table group, the properties 
of carbon and silicon are not as similar as one might anticipate. For example, 


carbon is a non-metal, while silicon is a metalloid. Diamond is a poor electrical 
conductor, while silicon is a semiconductor. Double and triple bonds are 
common between)carbonatoms but unusual between silicon atoms. 


Comparing the SiO and C-O bond strengths (table 4) shows that single bonds 
between.Si and O are very strongs Silicon is one of the most abundant elements 
in the Earth's crust’and much of.it is found in species containing Si-O bonds. 
Silica, or silicon dioxide, is a mineral that forms a covalent network containing 
SiandQ,ina 1:2 ratio, hence the formula SiO,. Each silicon atom is bonded 
covalently to four oxygen atoms and each oxygen atom is bonded covalently 
to two silicon atoms. The crystalline form of silicon dioxide is quartz (figure 28). 
Other forms ofsilica,include sand and glass. 


The properties.of silicon dioxide are those we associate with sand: it is hard, 
insolublein water and has a high melting point. In its solid crystalline form, 
quartz, it is a poor conductor of heat and electricity. 


Practice questions 


16. Explain why graphite and graphene conduct electricity, but diamond 
does not. 

17. Explain why diamond and silicon dioxide have high melting and 
boiling points. 


Structure 2.2 The covalent model 


Silicon and carbon are found in 
group 14 hence they have some 
similar properties. Other patterns in 
the periodic table are explored in 
Structure 3.1. A 


| i 


A Figure 28 Structure (left) and crystals of 
silicon dioxide, SiO,, known as quartz. The 
photograph also contains crystals of iron 
disulfide, FeS,, commonly known as 

“fool's gold” 


G Linking question 


Why are silicon-silicon bonds 
generally weaker than carbon- 
carbon bonds? (Structure 3.1) 
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Structure 2 Models of bonding and structure 


Element(s) 
Arrangement of atoms 


Electrical conductivity 


A Figure 29 Intermolecular forces hold 
the molecules together in watenand inside 
the ice cubes 


> Figure 30 Intramolecular forces,such 


as covalent bonds, occur within molecules, 


Intermolecular forces occur between 
molecules 
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Summarize the properties of some of the covalent substances using a table like the one below. 


Intermolecular forces (Structuré 2.2.8) 


So far, we have been discussing forces of attraction that hold atoms and ions 
together, which are collectively referred to as bonding. We will now turn our 
attention to the forces of attraction between»molecules, known.as intermolecular 
forces. As their name suggests, intermolecular forces apply to molecular 
substances. The type and strength of intermolecular forces depend on the size 
and polarity of the molecules. Types of intermolecular forces include London 
(dispersion) forces, dipole-induced dipole forces, dipole-dipole forces and 
hydrogen bonding. Collectively the first three intermolecular forces are termed 
van der Waals forces. 


Consider a glass of water. You know'that the water molecules contain two 
hydrogenjatoms each, bonded to a central oxygen atom through strong 

covalent bonds. But what forces causethe water molecules to stay close to 

one another? How about the water molecules inside ice cubes? What exactly 

is being, overcome when some.of the water molecules in ice break away from 
the cube and join the liquid water surrounding it? The answer in each case is 
intermolecular forces»|ntermolecular forces are weaker than chemical bonds, 
but they affect physical properties such as volatility, solubility and boiling point of 
molecular substances. 


Intermolecularforces are weak electrostatic forces of attraction that occur 
betweenmolecules. Figure 30 highlights the difference between intermolecular 
and intramolecular forces. 


ae 6* = 
cc HIDEEEE EE H= Fe 
polar 


covalent bond 


intermolecular 
force of attraction 


Structure 2.2 The covalent model 


When molecular substances melt, boil or sublime, the intermolecular forces 
between the molecules are overcome. Therefore, melting and boiling points are 
often used as indicators of intermolecular force strength. The covalent bonds in 
the molecule do not break during phase changes (figure 31). 


In Structure 1.5, we discussed the ideal gas law, which carries the assumption 
that no intermolecular forces are present in the gas. This is generally true at low 
pressures and high temperatures, for which the ideal gas equation can frequently 
be used. When a gas deviates from ideal behaviour, we must correct for the 
presence of intermolecular forces using a real gas model. Real gas models 

also take into account the actual volume of gas particles, which is considered 


negligible in the ideal gas model. 
3 
200 K 
500 K 
2 + P na 
pV 1000 K 
RT l 
; ideal gas 
t 
l 
(0 
300 600 900 


p (atm) 
A Figure 32 Gases deviate more from ideal gas behayiounat lower temperatures. The 


horizontal black line represents anideal gas. The curves show the deviations from ideal gas 
behaviour at different temperatures for a real gas 


London (dispersion) foreés(LDFS) 


All molecules experience London (dispersion) forces (or LDFs), which are 
intermolecular forcesresulting from.temporary instantaneous dipoles. A 
moleculéjhas a dipole when one side carries a partial positive charge, and the 
other ə partial negative charge. London (dispersion) forces involve induced 
dipoles, which means that one molecule causes (or induces) a temporary dipole 
in another molecule. These induced dipoles occur due to the random movement 
of electrons around the molecule. 


weak intermolecular interactions 
between l2 molecules break 
on changing state 


aa 


strong covalentsbonds between 
atoms in |ymolecule.do not 
breakon changing state 


A Figure 31 Intermolecular forces of 
attraction are overcome when a molecular 
substance changes state, but the covalent 
bonds remain intact 


A Figure 33 Intermolecular forces of 
attraction are overcome when iodine 


sublimes, and are formed when iodine is 
deposited on a surface 
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Structure 2 Models of bonding and structure 


In a simple non-polar molecule such as hydrogen, H, the electron distribution 
is on average symmetrical (figure 34). However, electrons are constantly moving 
around within the molecule. If we could somehow freeze time and take a photo 
of electrons in a molecule, the electron distribution would very unlikely be 
perfectly symmetrical. Instead, we would see a somewhat unequal electron 
density, with one region of the molecule having more electrons, rendering it 
slightly negative (8-). There would also be a region of lower electromdensity 
elsewhere in the molecule with a positive partial charge (5+). 


A Figure 34 On average, the electron distribution.in H, is symmetrical 


This temporary dipole then induces furthertemporary dipoles in the molecules 
around it. Due to electrostatierepulsion; a region of partial negative charge 

(5-) on one molecule will repelithételectrons in neighbouringmolecules. 

This temporarily creates regionsiof partial positive charge (6+). The resulting 
electrostatic attraction, between the ô- region on. one molecule and the 6+ region 
on the next is termed,a London dispersion force. However, this arrangement 

is temporary. In the nextmoment of timera different pattern of induced dipoles 
will emerge. 


EG OO 


London dispersion force 


A Figure 35_Atany given moment in time, a temporary dipole is present in a molecule, 
inducingja dipole in another. A weak London dispersion force forms between the opposite 
partial charges 


oy ô- ô- 6+ öt ô- ô- 
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A Figure 36 Different arrangements of LDFs between molecules, which result from interactions between an 
instantaneous dipole on one molecule and an induced dipole on an adjacent molecule 
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Structure 2.2 The covalent model 


There are two main factors that increase the strength of LDFs: the number of 


electrons and the molecular shape. They affect the polarizability of the molecule: 


how easily the electron distribution is distorted by an electric field. The greater 
the polarizability, the stronger the dispersion forces. 


Consider the group 17 elements, all of which form non-polar diatomic molecules. 


The number of electrons increases going down the group. Asa result, the 
electron clouds become larger and less attracted to the nuclei. This means that 


he electrons become more easily polarized and the strength of LDFs increases, 


leading to higher boiling points as you descend the group (table 5). 
Substance Boiling point /°C 

fluorine, F, -188.1 

chlorine, Cl, -34.04 

bromine, Br, | 58.78 

— f Increasing 

pane L 184.4 LDF strength 


A Table5 Boiling point increases down group 17 due to an increasinginumberof. 
electrons, resulting in stronger LDFs 


larger 
molecular 
size 


more 
electrons 


A Figure 37 The effect of molecular size on LDF strength and boiling point, 


The boiling point also increases for successive members\of a homologous series 
of organic compounds: each molecule has one more)CH, than the one before 

it, hence greater molecular sizeand a larger number of electrons. Molecular size 
can be quantified in termsofmass, so we often referto molecular mass when 
comparing molecules. in terms of their LDFs. 


Scientists look for patterns and try to understand relationships between 
variables. For example, wejoften say LDF strength increases with increasing 
molecular mass, due toan increasing number of electrons. This may 

seem contradictoryibecause electrons have negligible mass. But here 
therelationship between molecular mass and the number of electrons is 
not. causal. Rather, the greater mass of larger molecules is accompanied 
by a greater number of electrons. The greater number of protons and 
neutronsis responsible for the increase in molecular mass. However, 

each proton requires an electron to maintain the overall neutrality of the 
molecule. Therefore, any increase in the number of protons always leads to a 
proportional increase in the number of electrons. 


boiling 


Homologous series and isomers of 
organic compounds are discussed 
in Structure 3.2. 
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Compare the boiling points of the two isomers of C,H,,: pentane, 
CH,CH,CH,CH,CH, and 2,2-dimethylpropane (CH,),C (table 6 and figure 38). 


> Figure 38 Space-filling models show 
that pentane (top) has a greater area of 
contact for LDFs than 2,2-dimethylpropane 
(bottom) 


Both isomers contain the same number of electrons and are non-polam The 
difference is in their shapes. Pentane molecules are long and are therefore able 
to interact with each other across the fulldength of the molecule; thatis, there is 

a large area of interaction because ofthe better contact between molectles of 
2,2-dimethylpropane | 9.5 pentane. As a result, pentane hasa relatively high boiling point andis‘a liquid at 
room temperature. Molecules of 2,2-dimethylpropane are rounder and more 
compact, so they pack together less efficiently. As the interaction between the 
molecules is limited, the LDFs in 2,2-dimethylpropane are weaker, so it is a gas at 
room temperature. 


Boiling 


Isomer a 
point /°C 


pentane 36.1 


A Table 6 Boiling points of the two 
isomers of pentane 


© Data-based questions 


Boiling point data forthe first fouñalkanesrare shown below. Describe 
and explain the boiling pointtrend you observe. 


Alkane Boiling point / °C 
methane, CH -161 


4 


ethanenC,| -88 


propane, C -42.1 


3 


a -0.5 


10 


2. The boiling points of 2,2-dimethylpropane and pentane are 9.5 °C 
and 36.1 °C, respectively. Predict a value for the boiling point of 
2-methylbutane, CH,CH,CH(CH,),. Explain your answer. 


LDFs occur between all types of molecules because all molecules contain 
electrons. If we have a substance made up of only non-polar molecules, only 
LDFs will occur. 


Dipole-induced dipole forces 


LDFs are forces of attraction between temporary, or instantaneous, dipoles. 
Dipole-induced dipole forces are a type of related intermolecular force 
occurring between a polar molecule and a nearby non-polar molecule. The 


Compare and contrast London presence of a permanent dipole in the polar molecule induces the formation of a 
(dispersion) forces and dipole- emporary dipole in the neighbouring non-polar molecule. For example, this type 
induced dipole forces. of intermolecular force attracts non-polar oxygen molecules, O,, to polar water 


molecules. Dipole-induced dipole forces are weak, which explains why the 
aqueous solubility of oxygen is relatively low. 
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Dipole—dipole forces 


Dipole-dipole forces involve permanent dipoles, whereas LDFs result from b+ õ- b+ ô- 
temporary dipoles. When a molecule is polar, it has a permanent dipole and H= Cl Cl 
therefore experiences dipole-dipole forces of attraction with neighbouring polar sy Figure 39 Hydrogen chidride, HCI 
molecules (figure 39). molecules are polar and attract each other 


. a r p n . due to dipole-dipole forces 
Hydrogen chloride, HCI, and diatomic fluorine, F,, have similar sizes and å" 7 l 


Foy 
comparable molecular masses (table 7). They both therefore experience LDFs ofa 
similar strength. However, HCI molecules are polar and therefore experience dipole- 
dipole forces in addition to LDFs. The intermolecular forces between HCI molecules 


are stronger than those between F, molecules, so HCI has a higher boiling point. 


Molecule Molecular mass | Boiling point/°C | Intermolecular forces 


F 38.00 -188.1 London (dispersion) 


HCl 36.46 -85.05 London (dispersion) 
and dipole-dipole 


A Table 7 Diatomic fluorine and hydrogen chloride have similar molecular masses but 
different boiling points 


Practice questions f O Y p 


18. Which of the following species experience dipole-dipole forces? 
A. oxygen, O, 
B. carbon dioxide, CO, 
C. carbon monoxide, CO 
D. carbonate ion, CO} 

19. The molecular masses of Cl and Br, are very similar, while their boiling 
points are 97.4°C and 58.8°C, respectively. Explain this difference. 

20. Draw a diagram tojshow how propanone molecules, CH;COCH,, might 
arrange themselves when near one another Label any dipole-dipole forces 
that occur. 


Hydrogen bonding 


Hydrogen bonds are strong intermolecular forces that form when a molecule 
contains a strong.dipole involving hydrogén. When a hydrogen atom is 
covalently bonded to a highly electronegative atom such as oxygen, nitrogen or 
fluorine, the bond between them is very polar. The electrons in the covalent bond 
are drawn towards the more electronegative atom, resulting in a considerable 
partial positive charge (6+) on the hydrogen. This hydrogen atom can then 

form a strong electrostatieinteraction—a hydrogen bond—with the electrons of 
another electronegative atom. This is usually found ona different molecule, but 
intramoleculamhydrogen bonds can also exist in certain situations. 


covalent bond hydrogen bond <4 Figure 40 Hydrogen bonds 
| form between the hydrogen ina 


electronegative ha electronegative very polar bond and electrons on 
atom YEN atom a highly electronegative atom 
(e.g. F, O, N) (e.g. F, O, N) 


lone electron pair 
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Hydrogen bonds occur, for example, between: 

1]. water molecules 

2. ammonia (NH,) molecules 

3. hydrogen fluoride (HF) molecules 

4. water molecules and dimethyl ether molecules, (CH,),O 


These hydrogen bonds are depicted with blue dashes in figure 41. 


6 aH 5. Paj £ A H 
: Se rd 
H H H H 
O= yS LCH 
s :O H H "a ta H / 3 
> Figure 41 Hydrogen bonds can form / 
between a variety of different molecules H H, H H3C 


Despite the name suggesting otherwise, hydrogen bonds are not chemical 
bonds: they are intermolecular forces. They.are generally stronger than other 
types of intermolecular force, but much weaker than covalent bonds. 


Bond or intermolecular force type Typical bond or intermolecular 
force enthalpy / kj mol" 
Aydrogenmbond 20-40 
> Table 8 Enthalpies of hydrogen bonds bSingle Covalent bonds [ 150-600 


and single covalent bonds compared 


A good way to remember that hydrogen bonds are weaker than chemical bonds 
is to lookvat what happens when water boils. At 100 °C, the energy available 
is'sufficient to overcome the hydrogen bonds between water molecules 

(~20 khmol™)pbut not the covalent bonds between oxygen and hydrogen atoms 
in, the water molecules themselves (463 kj mol"). 


Practice questions 


21. Which two of the following substances can form hydrogen bonds between 
their molecules? 
A. hydrogen fluoride, HF 
B. fluorine, F, 
C. methanol, CH,OH 
D.  fluoromethane, CH,F 

22. Draw a diagram to show a hydrogen bond between two methanol 
molecules, CH,OH. 

23. Draw a diagram to show a hydrogen bond between a water molecule and a 
methanamine molecule, CH,NH,,. 

24. Draw a diagram to show a hydrogen bond between a water molecule and a 
methanal molecule, CH,O. 
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150 


100 


50 


boiling point / °C 


-100 


-150 


-200 


x 


ow do the boiling points of the group 4 hydrides (CH,, SiH,, GeH, and SnH,) 
change as you go down the group? The molecular mass increasesidown the 
group, increasing the number of electrons and polarizability of the electron 
cloud. Descending the group, there are stronger LDFs/and therefore an 
increasing boiling point is expected. This is precisely what the data show in the 
bottom curve of figure 42. 


ow look at the trend of the group 15 hydrides, NklswPH,, AsH, and SbH,, in 
the next curve up. We see the expectedirise in boiling point from phosphine, 
PH,, tostibane, SbH,, due to increasing molecular mass. Extrapolating the trend 
to ammonia predicts a boiling point ofaround -130°C, when in fact it is 100°C 
higher, approximately -30 °C Ahe higherthan-expected boiling point is due to 
the presence.of hydrogen bonds between ammonia molecules. 


The trends in the group 16 and group 17 hydrides are similar to that of group 15: 
the period 2 hydrides, water,H,O, and hydrogen fluoride, HF, have very high 
boiling points. Again, this,is due to the presence of hydrogen bonds between 
their moleculés. 


A single water molecule can form up to four hydrogen bonds (figure 43) and 
therefore the\boiling point of water is very high: 100°C. 


period 
6 number 


4 Figure 42 The boiling points of the 
group 14 to 17 hydrides show the effect of 
hydrogen bonding 


fe ON 
%, R t, 
oS x NS 
"hy. © 
WS 
a, 
N H; 
ae a A p 
H H 


A Figure 43 Water molecules can form up 
to four hydrogen bonds each 
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Hydrogen bonds give water its notable properties. Most substances have 
higher densities when solid than when liquid. Solid water (ice) floats on liquid 
water because it is less dense than liquid water. This unusual property leads to 
the formation of layers of ice on lake surfaces during the winter. Insulation from 
this ice layer prevents lakes freezing into solid blocks of ice, allowing aqdaticn, 
ecosystems to survive. i 


open-cavity network of molecules (figure 44). In the liquid phase vA hydrogen 
bonding is more random, which results in a higher density (compared toice. 
Note that O-H covalent bonds in water are shorter t a F 

between water molecules. ~ 


d 


A Figure 44 (a) The open-cavity structure of ice causesitte be ie Bense than water | b 


Th ‘hexagonal arrangement of water molecules in A Figure 46 Extensive hydrogen bonding is responsible for 

leads to the characteristic shape of snowflakes the high surface tension of water, which allows small insects to 
walk on the surface without sinking or becoming even partly 
submerged 


Structure 2.2 The covalent model 


TOK 


DNA (deoxyribonucleic acid) molecules store genetic information. A highly 
accurate DNA-copying mechanism is essential for this information to be 
passed along between generations. DNA has a double-helix structure 
composed of two strands of organic molecules held together by hydrogen 
bonds. DNA replication involves breaking these hydrogen bonds to “unzip” 
the two strands, allowing copies to be made. 


p two new DNA 4 
f et molecules form Ki ft 


base pairs 


“unzips” into two 
different strands 


A Figure 47 The DNA double helix is held together by, hydrogen bonds, which are 
broken during repl ication. Hydrogen bonds are shown by black dashes 


a h 7 


What other typesiof infortfation storagesystems Nist 


science and in.othenareas of knowledge? 
& f o ‘ $ 


$ 


in the natural world, in 


In summary, intermolecular forces are electrostatic attractions that keep 
molecules together. We have discussed the four types of intermolecular forces, 
summarised in table9) 


van der Waals 
forces 


Type of intermolecular force 


london (dispersion) forces (LDFs) 


Where does it occur? 


between all molecules 


dipole-induced dipole forces 


between a polar molecule and a non-polar molecule 


dipole-dipole forces 


between polar molecules 


hydrogen bonding 


between a highly electronegative atom (F, O or N) 
and a hydrogen covalently bonded to another highly 
electronegative atom 


A Table9 Summary of types of intermolecular forces 


increasing 
strength 
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Figure 48 shows the overall method for determining the strongest intermolecular 
force present in a substance. 


Do the molecules contain a 
hydrogen directly bonded to 
avery electronegative atom 

(F, O, N)? 


Are the molecules 
polar? 


some molecules 
are polar and’some 
are non-polar 

J dipole-indu ceg” 
‘dipole forces 


London (dispersion) 
forces 


dipole-dipole forces 


A Figure 48 Figuring out the strongest intermolecular force present between a pair of interacting molecules 


Worked example 3 
For each of the following substances, determine.the intermolecular forces 
that/attractithe molecules to eachother. 


a. butane, CH,CH,CsCH, 

bs ethoxyethane, CH,CH,OCH,GH, 

cà carbon tetrafluoride, CF, 

d. ethanamine, CH,CH,NHA,, 

e. fluoroethane,CH,CH,F 

f. chloromethane, CH,Cl, and methane, CH, 
g. water, H50, and hydrogen fluoride, HF 
Solution 


All the stibstances in this worked example form London (dispersion) forces. 

a. »Butane is non-polar, so it only forms London (dispersion) forces. 

bf Ethoxyethane is polar, so it forms dipole-dipole forces. 

c. Carbon tetrafluoride is non-polar, so it only forms LDFs. 

d. Ethanamine can form hydrogen bonds because it contains a hydrogen 
atom directly bonded to nitrogen, which is a very electronegative atom. It 
is also polar, so it forms dipole-dipole forces. 

e. Fluoroethane is polar, so it forms dipole-dipole forces. Note that it does not 

orm hydrogen bonds. The structural formula might suggest that fluorine is 

directly bonded to hydrogen, but this is not the case. If you draw the Lewis 
formula, you will see that fluorine is bonded to a carbon atom. 

f. Chloromethane is polar while methane is non-polar. They would therefore 

orm dipole-induced dipole forces. 

g. Hydrogen bonds are formed between water and hydrogen fluoride 

molecules because they both contain a highly electronegative atom 

hat is directly bonded to a hydrogen. They are both polar, so they also 

experience dipole-dipole forces. 
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Practice questions 

25. For each of the following substances, determine the intermolecular forces 
that attract molecules to each other: 

propane, CH,CH,CH, 

hydrogen bromide, HBr 

hydrogen fluoride, HF 

buckminsterfullerene, Coo 

ammonia, NH,, and diatomic oxygen, O, 

ethanal, CH,CHO 


26. State and explain which of the following species can form hydrogen bonds 
with water molecules: 


hoang 


a. ammonia, NH, 
b. propane, CH,CH,CH, 
c. ethanoic acid, CH COOH 


r 
G Linking questions xK 2) 


To what extent can intermolecular forces explain the deviation of real gases j 
from ideal behaviour? (Structure 1.5) 


O ow do the terms “bonds” and “forces” compare? l 


Structure 1.1, Structure 2.1, Structurê 2.3) 


definitions, e.g. the updated International Union of Pure and 
Applied Chemistry (IUPAC) definition of the hydrogen bond? 


Cy) ow can advances in technology lead to changes in scientific, 


The propertieswof covalentsubstances 
(Structure 2, 2.9) 


Relative strength of intermolecular forces 


Given, comparable molar mass, the,relative strengths of intermolecular forces are 
generally: 


London\(dispersion) forces <idipole—dipole forces < hydrogen bonding. 


Table 10:shows typical enthalpyaranges associated with overcoming each of 
these forces. The trend in enthalpy reflects the trend in strength. The strength of 
dipole-induced dipole forces lies somewhere in-between London (dispersion) 
and dipole-dipole forces. 


Intermolecular force type Typical enthalpy / kj mol" 
London (dispersion) forces 1to5 
sipole—dipole forces | 3to 25 
hydrogen bonds | 20to 40 


A Table10 Comparison ofthe strength of various intermolecular forces 
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© Data-based questions 


The relative strengths of intermolecular forces are best illustrated by comparing molecules that have similar 
molecular masses. Table 11 shows molecules with molecular masses in the range of 44.0 to 46.1 and wildly different 


boiling points. 


Name and 
molecular Structural formula 


formula 


propane 
C.He 


Molecular 


Molecular | Boiling Intermolecular forces 


dipole point London Dipole- Hydrogen 


mass 
moment/D| /°C | (dispersion) dipole bond 


methoxymethane 
CHO 


methanøic aci@ 
CH,O§ 


nterpreting and explaining data are importan 


A Table 11 Polarity, boiling pointand intermolecular force data for organic compounds of similar molecular masses 


skills in science. What do the data in table 11 suggest? For example, they 


show thatall molecules experience London (dispersion) forces because they all contain electrons that move around, 
causing temporary dipoles that then induce further temporary dipoles in the surrounding molecules. 


Write down four more statements describing 
that are shown by the data in table 11. Attemp 
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he relationship between molecular structure and intermolecular forces 
to explain each statement using your knowledge from this topic. 


Physical properties of covalent substances 


There are two types of covalent structures: covalent network and molecular 
covalent. These two structures have very different properties. Most of the 
properties of molecular substances are governed by intermolecular forces. 
Substances with a covalent network structure are not comprised of molecules, so 
their properties are dictated by their lattice features. 


We will look at physical properties of covalent substances including volatility, 
electrical conductivity and solubility. 


Volatility 


Substances with a covalent network structure are solids at room temperature and 
pressure. Vaporizing them requires a lot of energy because of the strong covalent 
bonds holding the structure together. They are therefore non-volatile and have 
very high melting and boiling points. 


n order to vaporize molecular substances, the intermolecular forces between the 
molecules need to be overcome. Since intermolecular forces are relatively weak, 
he energy required to overcome them is low and therefore molecularsubstances 
are generally volatile. 


Due to the variety of sizes and intermolecular forces, there is, however, a 
arge variation in the volatility of molecular substancesé Many of the molecular, 
substances we have considered in this chapter consist of small molecules, for 
example, N,, CO,, H,O and some hydrocarbons. Manyiof these are gases or 
iquids at room temperature. 


However, substances that consist of muchlarger molecules have, lower volatility 
and higher melting and boiling,pointss This isbecause larger molecules have 
stronger LDFs between eachother. Examples include buckminsterfullerene (Coo); 
which sublimes at 500-600 °C, anda component of eandle wax, tetracosane 
(C,H), which boils at 391 °C. 


24 50 
Electrical conductivity 


Covalent substances, both network andmolecular, are usually not electrical 
conductors. Jő conduct’electricity, a substance needs to contain charged 
particles thatare free to move. Covalent substances generally do not contain 
such particles, asitheir electrons are “locked up” in localized covalent bonds, and 
they do not contain ions. 


There are some notable exceptions, such as graphite, which is a good 
electrical conductomdue to the presence of delocalized electrons. Silicon is a 
semiconductor, meaning that its intermediate conductivity places it between 
conductors and insulators. 


Solar panels consist of photovoltaic cells, which convert solar energy into 
electricity. The cells contain semiconductors, such as silicon. 


Structure 2.2 The covalent model 


A Figure 49 Molecular covalent 
substances vaporize when,the 
intermolecular forces are overcome 


Practice questions 


27. 


28. 


Identify which species in each 
pair. has the highest boiling point. 
a. HeorKr 

b. CH,orNhH, 

The boiling point of carbon 
tetrachloride, CCl}, is 

76.7°C. The boiling point 

of fluoromethane, CH,F, is 
-78.2°C. Comment on this 
difference using your knowledge 
of intermolecular forces. 


A Figure 50 Solar panels containing 
silicon provide this satellite with electrical 


power 
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H—O, 


“4% Z 


TA 


(a) between water molecules 


CH3CH2 — Or 
H 


“Uy 
„O—H 
ARCH) 


(b) between ethanol molecules 


CHER — O, 


Me™ 
H 


(c) between ethanol and water 
A Figure 51, Ethanol and water can form 


hydrogen bonds. Therefore, ethanol is 
water soluble 
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Solubility 


When a substance dissolves, forces of attraction are formed between the 
substance (known as the solute) and the solvent. Substances with covalent 
network structures are insoluble in most solvents because of the strong covalent 
bonds holding their atoms together. 


A molecular substance is likely to dissolve in a solvent if the intermolecular forces 
between the solute and solvent are stronger than the attraction between the 
solute molecules. 


It is often said in chemistry that “like dissolves like”. In other words, non-polar 
solutes are likely to dissolve in non-polar solvents. Similarly, polar solutes are likely 
to dissolve in polar solvents. Dissolving is unlikely to oecur if the solutis polar 
and the solvent is non-polar, or vice versa. 


TOK 


“Like dissolves like” is a useful’rule ofthumb, which is helpful in many cases 

but not all, and it has no explanatory power. In a small group; discuss the 
advantages and disadvantagesof having rules tike this. You may want to 
consider: what are.the alternatives? Do such rules have an “expiry date”? What 
rules of thumb do you use in other areasi6fknowledge? 


odine, |,, is Non-polar. It dissolvesréadily innon-polar solvents such as hexane. 

odine is almost insoluble in water because it cannot associate strongly with water 
molecules. Substances that can formaydrogen bonds, such as ethanol, are more 
ikely to dissolve in water (figure 51). Ethanol and water are said to be miscible, as 


hey can form a solution when.mixed in any proportion. 


ethanol, ethanol and propan-l-ol readily dissolve in water. The solubility of 
the primary alcohols, however, decreases with increasing carbon chain length 
table 12). 


Primary alcohol Structural formula 


Solubility g / 100g of H,O 


ethanol CH,CH,OH miscible 
butan-1-ol CH,(CH,),O 6.8 

D 

f nonan-l-ol CH,(CH,),O 0.014 


A Table 12 The aqueous solubility of primary alcohols decreases with increasing 
hydrocarbon chain length 


Hydrocarbon chains are non-polar and do not form hydrogen bonds with water. 
Fats and oils are largely non-polar and therefore do not dissolve in water. This is 
easily observable when vinegar (an aqueous solution of ethanoic acid) is mixed 
with oil to make salad dressing. The two liquids form two layers and are said to be 
immiscible, which means they do not mix, due to their differing polarities. 


Long hydrocarbon chains, such as those in fats and oils, are said to be 
hydrophobic (water-hating). Soap and detergent molecules often have a 
hydrophobic tail and a hydrophilic (water-loving) head. They work because 
they associate with both water and the non-polar fats and oils frequently found in 
greasy stains (figure 52). Molecules with a hydrophobic tail and hydrophilic head 
are called surface-active agents, or surfactants. 


Structure 2.2 The covalent model 


Water 


# 


Water 
“ws J 
Om oÀ 
me ow 


, = N _ Surface of material 
(a) | Surface of material | (b) Detergent 'heads' attracted by water ease washed away by water 
(water-hating) tail lift greasy stai. 


Morphine and its derivatives, known as opiates, are In 
strong painkillers with a high potential for misuse and 
addiction. The effect they have on the body depends on 


two factors: 


Oups, which greatly 
molecule. Diamorphine is 
sily cross the blood-brain 

1. their ability to cross the blood-brain barrier diamorphine is quickly metabolized 
2. their ability to bind to opioid receptors in the brai ine, inds to the opioid receptor. 

The blood-brain barrier consists of a series of cell chanism of action makes diamorphine about five 
membranes that coat the blood vessels in the and N re pa tent ananalgesic than morphine. At the 
prevent polar molecules from entering : 
system. These membranes are li i 
they are permeable to lipid 
of one amino and two hyd 
molecule (figure 53) 
soluble in water but 
in lipids and therefor 
receptors in the brain. 


rvous 


ion. In most countries the use of diamorphine 
is either banned or restricted to terminally ill patients 
with certain forms of cancer or central nervous system 
disorders. 


(b) CH2 


H3C —N | 


hydroxyl groups 
(can be substituted in © 
morphine derivatives) 


| 
€ 
7 som 


OH 


>. structures of (a) morphine and (b) diamorphine (heroin) 


tertiary 
mino group 
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G Linking questions A 
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You can figure out the structure ofa substance by testing 
its physical properties such as electrical conductivity, 
aqueous solubility and melting point. 


Relevant skills 


e Tool 1: Recognize and address the relevant safety, 
ethical or environmental issues in an investigation. 


e Inquiry 1: Demonstrate independent thinking, 
initiative or insight. 

e Inquiry 2: Identify and record relevant qualitative 
observations. 


Instructions 


You are presented with three bottles labelled A, B and 
C. Each bottle contains a crystalline solid. One is sodium 
chloride, another is sugar, and the third is white sand, but 


you do not know which is which. Design a safe method 
that could be used to identify A, Band C. 


Possible equipment and substances you could use 
might include: 


spatulas, beakers, distilled water, pipettesypower pack, 
leads, ammeter, lamp, conductivity,probe,electrodes, 
crucible, Bunsen burner, pipeciay triangle, heat-proof 
mat, mortar and pestle, melting point apparatus, fume 
hood, combustion spoon. 


Complete a risk assessment and show this and your 
proposed method'te,your teacher for approvalsslf you 
have time, try itout. 


Extension 


What if the ionic Substance were not water soluble? How 
would you modify your method? 


To summarize, substances with covalent. nétwork structures are typically: 


* non-volatile because they are held together by strong covalent bonds 


between atoms 


* poor electrical conductors (exceptions include graphite and graphene) 


What experimental data 
demonstrate the physical 
properties of covalent substances? | 
(Tool 1, Inquiry 2) 

To what extent does a functional 
group determine the nature * 
of the intermolecular forces? 
(Structuré’8. 2) 


particles 


Practice questions 


29. Explain why covalent compounds are not electrical 
conductors, except for graphite and graphene. 

30. Describe and explain the relationship between 
volatility and,boiling point. 

31. Explain why covalent network substances are non- 
volatile, and molecular substances are volatile, 
although they both contain covalent bonds. 

32. Explain why ethanol, CH,CH,OH, is miscible 
with water. 


because they do not contain mobile charged particles 

* “insoluble in all solvents, because their dissolution would require breaking the 
strong covalent bonds. 

Substances with molecular covalent structures are typically: 


* volatilelecausetheir molecules are held together by intermolecular forces, 
which,are weak 


poor electrical conductors because they do not contain mobile charged 


of varying solubility, depending on the strength of the intermolecular forces 
they form with solvent molecules. 


33. Which two of the following substances are readily 
soluble in water? 


A. ethanoic acid, CH,COOH 
B. octane, CH,(CH,),CH 

C. octan-1-ol, CH,(CH,),.C 
D. propanone, CH,COCH, 


34. Explain why ionic substances, such as sodium chloride, 
do not dissolve in oil. 


OH 


2 


N 
ry 


35. Explain why diatomic bromine, Br,, is more soluble in 
hexane than in water. 
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Chromatography (Structure 2.2.10) 


The components of a mixture can often be separated and identified using 
chromatography. All forms of chromatography (figure 54) have the same 
underlying principle: the existence of a mobile phase and a stationary phase. 
In most forms of chromatography, the components of the mixture are separated 
based on their different affinities for each of the two phases. These affinities 
involve intermolecular forces. 


The mobile phase moves through the stationary phase, carrying the components 


of the mixture. The components all start at the same point but are transported M a rs ng ee 
through the stationary phase at different rates due to their differing affinities for $ fee tructure 114 


each of the two phases. The components are eventually separated. 


(a) paper chromatography (b) liquid column chromatography 


, solvent solvent 
paper clip 


solvent front 


sample 


column 


water (the solvent) Backed components 
with of the sample 

adsorbent move down the 

column at 


SiO> f 
different rates, 
forming bands 


4 
Sample is placed Solvent is Different components in the sample 
onthe top ofthe poured down become separated into bands and are 
packed column the column collected at the bottom ofthe column 
(c) gas-liquid chromatography 
recorder 
Bev < Figure 54 All types of 
. RF column — capillary tube i chromatography involve a mobile 
p carrier gas with liquid-coated walls : : phase and a stationary phase 


155 


Structure 2 Models of bonding and structure 


(ar) Research skills 


Chromatographic methods can be classified into categories. They can 

be grouped according on their format (for example, planar vs column 
chromatography), or the mechanism of separation (for example, partition, 
adsorption, size exclusion or ion exchange chromatography). In this chapter, 
we will focus on two types of planar chromatography: paper and. thin-layer. 
The former separates mixtures based on the principle of partition, whereas 
the latter is based on adsorption. Research at least one,other method of 
chromatography (such as gas chromatography)and compare and contrast the 
different methods. Organize your notes in a Venn. diagram. 


Paper chromatography 


Separating mixtures of pigments is a.simple Way to demonstrate paper 
chromatography (figure 55). The stationary phase is afectangular piece of 
chromatography paper (made of hydrated’celltilose) and the mobile phase is a 
suitable solvent. The mixtureto be separated is dotted onto a start line near the 
bottom of the paper. The paperis then placed ina chamber such as a beaker, 
containing a small amount of solvent at the bottom. Placing a lid on top of the 
beaker allows the atmospherein the chamber tobecome saturated with the 
solvent vapour and. prevents solvent loss through evaporation. 


V Figure 55 Simple paper 
chromatography experiment using different 
inks. You can see that the purple ink at the 
right-hand side is a mixture containing red, 
yellow and blue dyes 


Before After 
Spots of different Different components of 


coloured.ink are the inks rise up the paper to 
dropped onto different extents and are 
paper separated 


chromatography 
paper ~~~ 


The solvent is allowed to move up the paper until it reaches a point near the top. 
The components of the mixture move different distances up the paper according 
to their relative affinities for the stationary and mobile phases. Components with 

a greater affinities for the solvent will dissolve more readily in it and are therefore 
transported further up the paper. The results of a chromatography experiment are 
known as chromatogram. 


Chromatography paper is composed of hydrated cellulose, which contains many -OH 
groups. These groups are very polar and attract water molecules tightly, saturating the 
surface of cellulose with water. When coupled with a less polar organic solvent, this 
technique can be used to investigate mixtures such as leaf pigments or amino acid 
mixtures. The mixture components are partitioned between the water layer and the 
solvent: less polar components dissolve in the solvent and get carried further up the 
paper, whereas more polar components stay predominantly in the water layer. The 
separation can be optimized by using different solvents, or mixtures of solvents. 
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Thin layer chromatography (TLC) 


Thin layer chromatography (TLC) is more expensive than its paper counterpart, but 
it offers greater sensitivity. In TLC, the stationary phase is a rectangular plate made of 
glass or metal coated with silica (silicon dioxide, SiO.) or alumina (aluminium oxide, 
A\,O,). The silica or alumina surfaces are very polar and contain many hydroxy! 
groups. The mixture is spotted onto the plate and placed into an eluting chamber 
containing a non-polar organic solvent. The polar substances in the mixture travel 
up the plate slowly because their tendency to adsorb onto the silica or alumina 
surface is greater than their tendency to dissolve in the solvent. Conversely, non- 
polar components dissolve in the solvent and travel further up the plate. 


fy 


Experimental techniques are adapted to suit different reacts witht 

purposes. Coloured substances are easily located on colourless compounds ¢ c 

a chromatogram. When a substance is colourless, an For example, some might show up under Uv light. Can 
additional step is needed. For example, when a mixture youtthink of any other examplepef hoy existing scientific 


contains amino acids, the chromatogram can be sprayed 
with a locating agent. A locating agent is a substance that 


Retardation factor (R,,) 


The results of a chromatography experiment canbe quantified by calculating the 
retardation factor (£). The R, value for a spot ona chromatogram is the ratio. of 
the distance travelled by the spot (b)to the distance 'travelled by the solvént (a): 


b 
i 


<4 Figure 56 Retardation factors, 
solvent front R,, are calculated from the distances 
measured ona chromatogram 


mixture on 
baseline 


pencil baseline 


Since the spots cannot travel further than the solvent that transports them, R, 
values are always in the range of O to 1. The distance travelled by a spot can vary 
depending on factors such as the composition of the solvent, temperature, pH 
and type of paper used (in paper chromatography). R, values are reproducible 
and therefore can be used to identify substances by comparing experimental 
values to accepted values, provided that the conditions are the same. 
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Worked example 4 


Consider the thin layer chromatogram shown in figure 57. 
Calculate the retardation factor for the red and blue spots. 


solvent 
front 


solvent 
mixture 


baseline above the level of the solvent 


Given that the stationary phase is silica and the solvent is a 
hydrocarbon, determine which component is more polar. 


8.0 cm@ ------ 
maximum ' 
distance the || 6.0 cm@ 
solvent H 
travelled i distance 
12.0cm ' the spot 
travelled 


A Figure 57 The apparatus for thin layer chromatography (left),and the resulting chromatogram (right) 


Solution 

Figure 58 shows that the mixture contains three 
components, which appear as distinct spots at different 
distances from the baseline: at 8.0 cm (red), 6.0 cm 
(green) and 2.0cm (blue). The’distance between the 
baseline and the solvent front is 1210 cm, 

You can calculate the retardation factors (R,) for the red 
and blue spots (top and bottom) as follows: 


_ distance travelled by the red spot 


distance travelled by the solvent 
8.0m 


L 2 Ocem 
= 0167 (2 significant figures) 


R (red) 


F 


_ distance travelled by the blue spot 
distance travelled by the solvent 

-O cm 

12.0cm 


= 0.17 (2 significant figures) 
R,{red) is larger than R,(blue). This means that the 
component(s) of the red spot are more soluble in the 
mobile phase (non-polar hydrocarbon solvent) and the 
blue spot is composed of substances that have a greater 
affinity for the stationary phase. The stationary phase 
(silica) is polar, so the blue spot contains substances that 
are more polar than the substances in the red spot. 


R,blue) 


Chromatograms composed of clear dots are frequently shown in books. If you 
doa chromatography experiment, you will often obtain a chromatogram in 
which each colour blends into the next. If you want a clearer separation between 
substances in the mobile phase, you can try using different solvents. 


> Figure 58 ‘This experimental 
chromatogram has less clear separation 
between substances than the previous 
examples we looked at 


The pigments found in plants can be separated by 
chromatography, depending on their relative affinities to 
the mobile and stationary phases. The separation can be 
optimized by changing the phases. In this investigation, 
you will compare the chromatograms obtained when the 
mobile and stationary phases are changed. 


Relevant skills 


e Tool 1: Measuring length 

e Tool 1: Paper or thin layer chromatography 

e Tool 3: Record uncertainties in measurements 

e Tool 3: Propagate uncertainties in processed data 


e Inquiry 3: Discuss the impact of uncertainties on the 
conclusions 


Safety 


e Wear eye protection. 

e Flammable solvents. Keep away from flames and 
other sources of ignition. 

e Organic solvents are toxic to the environment. 

e Workin a well-ventilated space and dispense’Solvents 
in a fume cupboard. 


Materials 


e Pestle and mortar 
e Chromatography spotter 
e Chromatography paper 


e TLC plate 
e Pencil 
e Ruler 


e Chromatography tank©r beaker 
e Lid or aluminiumfoil for the chromatography tank 
e  Propanone 
e Fresh green.leaves 
e «Chromatography solvents (9:1 petroleum 
ether: propanone mixture) 


Method 
Part 1: Preparation of the chromatography plate 


1. Grind the leaveswith a few cm? of propanone until 
you haveobtained a concentrated pigment extract. 


2. ‘Hlandlethe TLC plate carefully by the edges. Draw 
aline.in pencil, across the plate, 1 to 2 cm from the 
bottom. 


3. Spot the plant pigment extract onto the starting 
line, taking care to create a small, concentrated 
spot of pigment. Allow it to dry. 


Structure 2.2 The covalent model 


Part 2: Chromatography 


4. 


Place a few cm? of the chromatography solvent into 
the tank. Place the lid on top, to ensure thatthe 
atmosphere in the chamber becomes saturated 
with the solvent vapours. You canplace a paper 
towel soaked in the solvent verticallyinside the tank 
to speed up the process. 


Then, lower the TLC plate into the solventytaking 
care to keep the solventibelow the pigment spot 
on the starting line. Ensure the plate does not touch 
he sides, of the beaker. If you are/usingypaper, 

you müst make sute thatitistupright,in the tank by 
attaching ittothelid orto a splint placed across the 
Op of thetank. 


Remove the plate from the tank once the solvent 
is near the top Quickly draw a line in pencil over 
he solvent front before it evaporates. Draw circles 
around the pigment spots that are visible in the 
chromatogram, Allow the plate to dry. 


easure the distance travelled by the solvent. 
easure’the distance travelled by each pigment 
rom the base line to the centre of the spot. 


Determine a reasonable uncertainty for the 
distances you have measured. 


Calculate the R, value of each pigment, and the 
uncertainty of each. 


. Compare your results to those of other members 


of your class. Compare your results to literature 
values for the R, values, if available. Search online 
for information that will help you identify each of 
the pigments. 


. Comment on the precision and, if possible, 


accuracy, of your class’s results. Discuss the impact 
of measurement uncertainty on the validity of your 
conclusions. 


Part 3: Changing the phases 


12 


13% 


Consider how the results would differ if you used 
a different solvent system, or a different stationary 
phase. Then, try it out. 


Clear up as instructed by your teacher, taking care 
not to dispose of the solvents down the sink. 
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Practice questions 


36. Calculate the retardation factor, R, for the green spot 
at 6.0cm in figure 58. 

37. Suggest why the baseline in paper chromatograms is (a) Oo 
drawn in pencil. 


38. Chromatographic analysis of a mixture of dyes (A) e 
and three individual pigments (B, C and D) produced 
the chromatogram on the right. 


Identify and explain which pigments are present in A. % | 


Resonance (Structure 2a2\! 1) 


Sometimes, a molecule cannot be described byja single Lewis formula. Instead, 
there are two or more possiblesresonance structures that collectively represent 
the molecule. Resonance often-happens when there is morethan one position 
for a double or triple bond in a molecule. For example, two Lewis formulas can 
be drawn for ozone, ay (figure 59). Note thata double-headed arrow is used to 
show alternative resonance structures. 


O O 
W a 4. 
10. A0 © &f 

A Figure 59 Ozonehas two possible resonance structures 


These structures might suggestthat the two oxygen-oxygen bonds in ozone are 
different: one single and one double. In reality, the ozone molecule is a hybrid of 
these two resonance structures. Bond length and strength data (table 13) show 
that the two bonds in ozone are: 


e “identical to each other 


* “intermediate between a single O-O bond and a double O=O bond in terms 
of bond strength and length 


* have a bond order of 1.5, because there are 3 bonding electron pairs 
distributed across two domains. 


Average bond 


Length/10"'2m enthalpy Rn Bond order 
(O-O single bond 148 144 1 
[O=O bond in ozone 128 362 | 15 
(O=O double bond 121 498 — 


A Table 13 Bond data for oxygen—-oxygen bonds 


Global impact of science 


Diatomic oxygen, O,, and ozone, O,, are oxygen 
allotropes that absorb different wavelengths of 
electromagnetic radiation corresponding to the 
ultraviolet (UV) section of the spectrum. The double bond 
in O,, with bond order 2, is stronger and therefore has a 
higher bond enthalpy than the oxygen-oxygen bond in 
O,, with bond order 1.5. Breaking the oxygen-oxygen 
double bond requires higher energy. 

The dissociation of the double oxygen-oxygen bond in O 
can be brought about by electromagnetic radiation with 
wavelengths of 240 nm and below. The bonds in ozone 
can be broken by wavelengths of 330 nm and below. 
These wavelengths correspond to the UV-C and UV-B 
regions of the electromagnetic spectrum, respectively. 


2 


The presence of O, in the stratosphere prevents nearly all 
solar UV-C and UV-B radiation from reaching the Earth's 
surface (figure 60). 


UV protection by 
the ozone layer 


A Figure 60 The ozone layer in the stratosphere absorbs 
UV-C radiation and,most UV-B radiation 


Structure 2.2 The covalent model 


UV-C and UV-B radiation can cause DNA mutations, 
resulting in skin cancer (melanomas) and catara¢ts. 
Ozone layer depletion caused by chlorofluorocarbons 
(CFCs) in the atmosphere means that more UVwradiation 
can reach the Earth's surface. International collaboration 
involving the 1987 Montreal Protocoland the banning 

of ozone-depleting substances has slowed down the 
rate of depletion. Evidence inìrecent years suggests the 
concentration of ozone inthe stratosphere has increased, 
resulting in the recovery of the ozone layer (figure 61). 


i ee 


A Figure 61 Satellite images of a hole in the ozone layer over 
Antarctica from 1979 to 2011. The largest ozone hole to date was 
recorded in 2006. Since then, data suggests that the hole has 
been getting smaller again 


<@ Figure 62 Former US president Barack 
Obama presents the Presidential Medal 

of Freedom to Mexican chemist and 
environmental scientist Mario Molina. Molina 
helped to uncover the link between CFCs 
and ozone layer depletion 
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Practice questions 


39. Draw the structure of ozone that 


shows the delocalized electron 


pair. 


40. Draw the delocalized structure 


of the carbonate ion, CO}, and 
explain why the C-O bond order 


in this ion is 1.33. 


41. Compare the C-O bond lengths 
and strengths in the carbonate 
ion to those in carbon dioxide 


and methanol, CH,OH. 


G Linking question 


Why are oxygen and ozone 
dissociated by different 
wavelengths of light? 
(Structure 1.3) 
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Delocalization 


Resonance structures can be described as a single structure using the concept 
of delocalization. In covalent bonds, two atoms share a pair of electrons, which 
are localized between the two atoms. Delocalization occurs when electrons 

are shared by more than two atoms in a molecule or ion, as opposed.to being 
localized between a pair of atoms. 


Consider the ion NO. Itis represented by two resonance structures (figure 63a). 
The nitrogen-oxygen bond has bond order 1.5, and its length and strength are 
between those of a single N-O bond and a double‘N=O bond. One pair of 
electrons is delocalized across the two N-O bonding domains: For this reason, 
the ion can be represented with a structure containing a dashed line;that’shows 
the delocalization (figure 63b). 


(a) (b) 7 
OM “Sis ~ » 4 No: oo 


A Figure 63 (a) Theion NO; canbe represented by two Lewis formulas (b) An alternative 
representation of the ion shows the delocalized electron pair 


Note thatthe structure in Figure 63b is not a kewis formula because it does not 
specify locations of bonding and non-bonding electron pairs. 


Resonance'does not involve the interconversion between the various resonance 
structures through rotation ombond movement. Instead, resonance structures 
collectively describe a single molecule that cannot be represented by a single 
Lewis formula due to the presence of electron delocalization. Therefore, the 
actual molecule issomewhere “in-between” the various resonance structures, 
which is best represented by the single delocalized structure. 


Benzene and resonance (Structure 2.2.12) 


Benzene, C.H., isan important example of a molecule that demonstrates 


6 6 
resonance. 


A Figure 64 The ball-and-stick structure and electron cloud of benzene, C,H, 


Structure 2.2 The covalent model 


The Lewis formula for benzene contains a six-membered ring of carbon atoms ži 
connected through alternating single and double bonds. Two resonance z 
structures are possible (figure 65). 

H H 

pe 
<4 Figure’65, Resonance structures 

H H of benzene 
Some of the electrons in the carbon-carbon bonds in benzene are delocalized 
represented with a circle: Goes Bo 


7 
around the ring. For this reason, these delocalized electrons are often inskeletal formul 


hydrog 1 
D ifstriictions for drawing 
letal formulas of molecules are 
Benzene is an aromatic hydrocarbon. The term “aromatic’sisused to.describe iven in Structure 3.2. 


cyclic molecules that are planar and stabilized due to the presence of delocalized 
electrons. Benzene is the simplest aromatic hydrocarbon, andistructures similan 
to it can be found ina large range of substances (figure 66). 


TOK 
]. One of the resonance structures ofl ,2-dichlorobenzene is shown below. Skeletal formulas are an example 
Draw the other resonance structure. of “chemistry shorthand” that are 
Cl used extensively by chemists. To 
what extent are chemical symbols, 
CI formulas and equations like a 


language? What is gained or lost 
using chemical notation? 


2. Draw a structure of 1,2-dichlorobenzene that contains a circle to 
represent the delocalized electrons. 

4# 3m »Research the Strùcturesof the following molecules and identify the 

benzene rings in each: 


(a) Fis (b) (c) 
i > POLICE y 


curcumin Kevlar estradiol 


A Figure 66 (a) Curcumin, found in the yellow food spice turmeric (b) Kevlar is used 
for making personal armour (c) Synthetic estradiol is used as medication in menopausal 
hormone therapy 
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A Figure 67 The delocalized 

electrons in the p orbitals of benzene 
form a ring of electron density above 
and below the plane of the molecule 


( 


164 


> Figure69 Aa) August Kekulé on 

an East German postage stamp (b) 
Kekulé’s suggestion for the structure of 
benzene 


(ar) Communication skills 


In ordinary conversation, the term “aromatic” can be used to describe 
something as having a pleasant smell. In chemistry, however, this term,is 
used to indicate a benzene derivative or the presence of a benzene,ing in 
a compound. However, some aromatic compounds are non-benzenoids: 
For example, azulene—a component of some blue pigments,found in 
nature—contains alternating single and double 

bonds in two planar rings that are joined 

together: 

Can you think of other examples of chemical 

terms that have different meanings in 

everyday life? 


In benzene, one electron in each of the six carbon atoms occupies p orbital. 
The six p orbitals overlap, formingja ring ofeleetron density aboveand below the 
plane of the molecule. The eléetrons in,this ring are delocalized (figure 67). The 
carbon atoms are sp? hybridized (See Structure 2.2.16). 


Physical evidénée forthe structur@ef benzene 


Once it was established'that C,H, was the molecular formula for benzene, 
the next stépywas to deduce its structure (figure 68). The 1:1 ratio of carbon 

to hydrogen suggested theypresence of multiple bonds. Eventually a cyclic 
arrangementof carbon atoms withalternating single and double bonds was 
proposed (figure 69). August Kekulé was credited with the structure, which is 
saidito have come to him in.a dream. The structure proposed was a lop-sided 
hexagon because of the differing carbon-carbon bond lengths. 


HSC = CSCH—CH=C =CH N A 


A Figure 68 Some ofthe 19th century suggestions for the structure of benzene 


(b) 


Structure 2.2 The covalent model 


X-ray diffraction patterns later showed a regular hexagonal arrangement of 
carbon atoms in benzene where all carbon-carbon bonds had the same length, 
suggesting they were all equivalent (figure 70). 


The carbon-carbon bond length in benzene is intermediate between that of a 
single and a double carbon-carbon bond (table 14). Bond enthalpy data shows 
that they are also of intermediate strength. 


Average bond 
enthalpy/ kj mol” 


Bond length / 1072m 


C-C single bond 154 346 
C=C in benzene 140 | 507 
C=C double bond 134 | 614 


A Figure 70 Aġtechniĝue called X-ray 
diffractionsshows a contour map of 

the electron density in an individual 
benzene molecule. Each carbon- 
carbon bond.length is 0.140nm 


A Table 14 Bond length and strength data for the carbon-carbon bond in benzene 
compared to single and double carbon-carbon bonds 


Chemical evidence for the structure of benzene 


The chemical behaviour of benzene differs from what would normally be 

expected from alkenes. Like alkenes, benzene is unsaturated, but unlike alkenes, 

it does not readily undergo addition reactions. Alkenes undergo addition 

reactions, where the double bond breaks and the carbon atomsion either 

end form bonds with new species. In benzene, addition would disrupt the J Adbiienand qulastitutiion reactions 
stabilizing effect of the delocalized electron ring, whichiwould be energetically ware discussed in Reactivity 3.4. 
unfavourable. Instead, benzene tends to undergo substitution reactions. 


Resonance energy of benzene 


Resonance increases the stability of the benzene molecule. This is quantified 
by a value called resonance energy. For benzene it is 152 k)mol". This value is 
established by comparing the thermochemistry datafonbenzene and those for 
cyclic sixmembered alkenes. 


For example, cyclohexene contains one double bend, When we add hydrogen 
to this double bond) the change in energy is =)20 k] mol". 


rH —>_—~ AHhya = -120 kj mole! 


cyclohexene cyclohexane 
This reaction isCalled a hydrogenation reaction, and the change in energy is 
referred to as the enthalpy of hydrogenation, AH pye 1,3-cyclohexadiene is 


a similar molecùlewith two double bonds, so its enthalpy of hydrogenation is 
nearly double: -232 k| mol". 


+2H,) ———> AH hy = -232 kj mol! 


],3-cyclohexadiene cyclohexane 
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The next molecule in the series matches Kekulé’s suggested structure and is the 
theoretical molecule, 1,3,5-cyclohexatriene. 1,3,5-cyclohexatriene contains three 
double bonds and its enthalpy of hydrogenation is predicted to be -120 x 3 = 
-360k} mol" (figure 71). However, the actual value for benzene is -208 k| mol". 
This is due to the added stability provided by resonance in the benzene ringeThe 


Changes in energy across a 
reaction are known as enthalpy 
changes. Enthalpy changes are 
discussed in Reactivity 1.1. Naming 
cyclic compounds is covered in 


> 
T 
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difference between these enthalpy values is 152 kj mol", which is the resonance 
Structure 3.2. 
energy. 
E 152 
£ 
£ 
S 
X 860 
© 
T= 
= 208 
O 


> Figure 71 The resonance 
energy of benzene (152 k}mol’) 
compared to the theoretical 
compound 1,3,5-cyclohexatriene 


Hydrogenation of benzene is less exothermic than expected. This is because the 
reaction has an additional energetic cost to break the delocalized electron rings. 


1,2-disubstituted benzene compounds 


Consider the Kekulé structure of benzene, containing alternating double 

and single,bends. When chlorine, Cl,, reacts with benzene to form 
],2-dichlorobenzene, you would expect that two possible isomers can be 
formed: one with the two chlorine atoms at either end of a carbon-carbon single 
bond, whereas in the other isomer, the chlorines would be at either end ofa 
carbon-carbon double bond (figure 72a). However, because all electrons are 
evenly distributed, these two isomers represent the same molecule (figure 72b). 


(a) Cl Cl (b) Cl 


CI CI CI 


A Figure 72 (a) The two theoretical isomers of 1,2-dichlorobenzene for the 
Kekulé structure of benzene (b) The actual structure of 1,2-dichlorobenzene has 
only one isomer because the carbon atoms are all chemically equivalent 
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Practice questions 

42. Describe two pieces of evidence—one physical and one chemical—for the 
structure of benzene. 

43. How many delocalized electrons does each of the carbon atoms ina 
benzene ring contribute to the delocalized electron cloud? 

44. State the bond angle in benzene and the molecular geometry around each 
of the carbon atoms. 


G Linking questions 


How does the resonance energy in benzene explain its relative unreactivity? 
(Reactivity 2.1, 2.2) 

What are the structural features of benzene that favour it undergoing 
electrophilic substitution reactions? (Reactivity 3.4) 


A (a) = 

of 

“7 | —F 
Expanded octets (Structure 2.2.13) 4 | 
Lewis formulas and VSEPR were discussed in the SL section of this chapter. At °F: 
HL you should also be familiar with molecules containing atoms with more (b) 
than eight valence electrons. This is known as an expandedhoctet. The central P a = 
atoms in these molecules can have five or sixpairs.of electrons, amountingto, Cl > i Zo . 
10 or 12 electrons, respectively. Examples of such speciés include phosphorus o l Nee 
pentafluoride, PF., and the tetrachloroiodide ion, IEL}, shown in figure 73. cl cl: 


Drawing Lewis formulas for expanded octets å Figure 73 wospedés wih 


You can follow the same stepsused for drawing Lewis formulas at SL for expanded octets: PF, and ICI, with 
molecules containing expanded octets. However, in this case, we omit the final five and six pairs of electrons around 
step—we do not check'that the centralatom has a full octet. the central atom, respectively 

Worked example 5 

Draw the Lewisformulas of each of thefollowing species with expanded octets: 

a. sulfur hexafluoride, SF, bh, triiodide ion, |, c. xenon trioxide, XeO, 

Solution 


Follow the)steps above for each,molecule: 


Step 1 Count Sulfur: 6 | lodine: 7 X 3 = 21 Xenon: 8 
valence { Fluorine: 7 X 6 = 42 | This polyatomic ion has a -1 Oxygen: 6 x3 =18 
electrons Total: 6 + 42 = 48 | charge meaning thatithasan | Total: 8 +18 = 26 


| additional electron. 


| Total: 21 +1 =22 


Step 2 48_ ; pop ; ian 
Calculate the DZ 2e palis I 11 pairs 7 = 13 pairs 
number of | 

| 


electron pairs 


167 


> 
= 
= 


Structure 2 Models of bonding and structure 


168 


Step 3 Arrange F 
the atoms z E 
$ | | | 
F 
Step 4 Draw F 
the single F | F 
bonds Dx S a Sl 
or 
F 
6 pairs used so far... 2 pairs used so far... 
Step 5 Put non- :F: nie] — |": 
bonding pairs E fs A ay 
aeaieie N | wie The peripheral iodi om 
S now have noble 
atoms TE | ee, : : 
alr | Es re 
Fe he exygen atoms now have 
The fluorine atoms now have ets. 
full octets. 24 pairs used. pairs used so far... 
Step 6 Put We have used all 24 available :0: 
anyremaining | electron pairs, so the structur: 
electron pairs above is final. There are 6 Xe 
on the central of electrons around th D eo RIOS d: 


atom 


sulfur atom. Ith 
octet. 


N ere atom has an expanded 
octet, with 5 pairs of electrons 


around it. 


We assign the final electron 
pair to the xenon atom. 

All 13 available electron pairs 
have been used. 


ctu 


ight electrons a 


r, this 


ch atom has 
xpanded octet. 


deduced f O 
no av 
struc is ct, and an exception 
se 


AN 


ducing Lewis formulas. 


Later in this chapter, we will discuss the concept of 
formal charge: this will help us deduce the true 
structure of XeO, and explain why it is considered 
to have an expanded octet. 


Practice questions 

45. Draw the Lewis formula of each of the following: 
a. PCI, d. Ici, 
b. BrF, e. IC," 
G lE f SOF; 
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Molecular geometry of expanded octets 


In the SL section of this chapter, we discussed the geometries that arise when 
atoms have two, three or four electron domains. Several additional geometries 
occur for expanded octets containing five or six electron pairs. 


Five domains: trigonal bipyramidal geometry 


If there are five electron domains, the electrons in those domains repel each 
other and therefore adopt positions at 120° and 90° from each other. This 
electron domain geometry is called trigonal bipyramidal. The five domains form 
a shape consisting of two pyramids that share the same triangular base. 


The electron domains in a trigonal bipyramidal molecule fall into two categories: 
1. Equatorial: the bonds forming the triangular base of the pyramids, at 120° from 
each other. 


2. Axial: the bonds that form the axis of the molecule, at 90° from the planeof A\Figure749A balloon’model of the 
the triangular base. trigonal bipyramidal electron domain 
geometry 


A trigonal bipyramidal electron domain geometry gives rise to four possible 
molecular geometries, depending on the presence of non-bonding domains: 


e When all five domains are bonding domains, the molecule has'trigonal 
bipyramidal geometry. 


e When four of the five domains are bonding domains, andone is a non- 
bonding domain, the molecule has seesaw geometry. 


e When three of the five domains are bonding domains, and two are non- 

bonding domains, the molecule has T-shaped geometry. 
Vv Figure 75 The four types of 
trigonal bipyramidal electron domain 
geometry: (a) trigonal bipyramidal (b) 


e When only two of the five domainsiare bonding domains, and threevare 
non-bonding domains, the molecular has linear geometry. 


Examples of each type are shown inifigure 75. seesaw (c) T-shaped (d) linear 
(a) (b) (o) : (d) r 
Ẹ Cl 
S$ 
F 
equatorial 2 
position Ba Ba 
B 
e Be . a 
BeA J20 A [less than 120° BA |; 
90° Be |X Be | K) 180 
B a 
f Ba less than 90° less than 3 
90° a 


axial position 


169 


Structure 2 Models of bonding and structure 


: : Like other geometries, the 120° and 90° bond angles in a trigonal bipyramidal 
> g i g g py 
Practice question shape are distorted by the presence of non-bonding pairs, due to their greater 
46. Consider the seesaw and repulsion. 
T-shaped molecular geometries. 
Why do you think the non- Six domains: octahedral geometry 


bonding domains are located in 
equatorial positions, not in axial 
positions? 


If there are six domains, the electron pairs in those domains adopt positions.at 
90° from each other. This electron domain geometry is called octahedral. This is 
because the domains form an octahedron, which is an eight-sided polyhedron 
consisting of eight identical equilateral triangles. 


The electron domains in an octahedral moleculeare all at 90° to each other,so 
there is no need to distinguish between axial and equatorial domains. 


An octahedral electron domain geometry gives rise to,three common molecular 
geometries, depending on the presenceof non-bonding domains: 


e When all six domains are bonding domains, the molecule has octahedral 
geometry. 


e When five of the six domains are bonding domains, and oné is a non-bonding 
domain, the molecule/has square pyramidal geometry. 


e When four of thesixdomains are bonding domains, and two are non-bonding 
domains, the molecule, has square planafgeometry. 


Examples of each type are shown infigurey7 7, 
A Figure 76 A balloon model of the 


: The 90° bond angles in octahedral molecular geometries are distorted by the 
octahedral electron domain geometry 


presence of non-bonding pairs, dueto their greater repulsion. 


(c) F 


Xe 
B 
Ba llb Bage 
SA oge AC) 90° 
Pe paN 


A Figure 77 The three types of octahedral electron domain geometry: (a) octahedral (b) square pyramidal 
(c) square planar 
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Piectron Number of | Number of bonding Number of Molecular Bond T 
domain ‘ A non-bonding Example < 
domains domains ç geometry angle 
geometry domains 
trigonal trigonal 
bipyramidal bipyramidal 
4 ] seesaw 
+ + 
3 2 T-shaped 
2 3 | linear 
octahedral 6 6 (0) octahe 
5 ] square 
pyramidal 
4 2 lanar 


A Table15 Summary of molecular geometries with five and six el 


species with the following bonding and non-bond o 


Identify the electron domain geometry and molecul ome 
. six bonding domains eer 


four bonding domains and one ns- 
five bonding domains 

two bonding domains and thr. 

four bonding domains 


with the following molec 


a. trigonal bip, idal 

b. T-shaped 

c. octahedr 

d. squarı nar 
sees 
veri 
linear(there are tw 


ossi swers here) 


the electromdom 


fo SOF, 
. SIF 2 
IF 


SCl, 


lomain 


O 


nd atoms 


eometry and molecular geometry of each 


G Linking question 


How does the ability of some atoms to expand their octet relate to their 


position in the periodic table? (Structure 3.1) 
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Formal charge (Structure 2.2.14) 


Formal charge is the charge an atom would have if all the bonding electrons 
in the molecule were shared equally, and if its non-bonding electrons werénot 
shared at all. We can assign formal charge to atoms in a molecule to selectithe 
best Lewis formula when several are possible. Formal charge is calculated by 
looking at the electrons an atom has before and after bonding: 


Formal charge = number of electrons before bonding= number of 
electrons after bonding 


FC = VE - (NBE + BE) 


Where: 


FC = formal charge 


VE = number of valence electrons ofthe atom before bonding 


NBE = number of non-bonding electronsassigned to the atomin the Lewis 


formula 


BE = number of bonding electrons assigned to the atom in the Lewis formula 


The sum of the formalcharges.of all atoms in'amolecule or ion should be equal to 
the overall charge of that molecule or ion. 


Worked example 6 


Show that the overall charge of nitrogen trichloride, NCI.,, is zero by calculating the formal charges of the atoms in the 


molecule. The Lewis formula of NClzis shown below. 
elk 
:CL—N& Ci: 


Solution 
The formal chargeofthe nitrogen atomcan be 
calculatedbas follows: 

VE =5 (because nitrogen is in‘group15) 


NBE = 2 (because in the Lewis formula the nitrogen 
atom.has two non-bondingielectrons) 


BE = 6 (because in the Lewis formula the nitrogen 
atom has three bonds, which are equivalent to six 
bonding electrons) 


FEN) =52(2\+ 0.5 x 6) =0 
Therefore; the formal charge of the nitrogen atom in this 
Lewis formula,is zero. 


The same process can be repeated to determine the 
formal charge of each chlorine atom: 


VE = 7 (because chlorine is in group 17) 


NBE = 6 (because in the Lewis formula each chlorine 
atom has six non-bonding electrons) 


BE = 2 (because in the Lewis formula each chlorine 
atom has one bond, therefore two bonding 
electrons) 


FC(Cl)=7-(6+0.5 x 2)=0 
Therefore, the formal charge of each chlorine atom in 
this Lewis formula is zero. 
The sum of the formal charges is zero, which is also the 
overall charge of the molecule. 


Structure 2.2 The covalent model 


The following conditions are generally favourable: 


1. formal charges close to zero 


2. adifference in formal charges in the molecule close to zero 


3. negative formal charge(s) assigned to the more electronegative atom(s). 


When presented with alternative Lewis formulas, we look for the one that satisfies 


these requirements most. 


Worked example 7 


Assign formal charges to the atoms in the sulfate ion, SO,,*, to deduce its Lewis formula. 


Solution 


We start by drawing the Lewis formula of SO,” in a way 
that follows the octet rule: 


.. a 
20% 
va ae 
:O— S —O: 
| 
ʻO 


Now we can calculate the formal charges ofthe sulfur 
and oxygen atoms based on this Lewis formula: 


FC(S)=6-(0+0.5 x 8) =+2 


FC(O)=6-(6+0.5 x 2) =-1 (allithe oxygen atoms 
are equivalent in this Lewis formula and therefore each 
have the same formal charge Sfi) 


The formal charges ingthis\Lewis formula are not close 
to zero, and the difference bétween them is 3: these 
conditions are not favourable. 


Practice questions 


We know that sulfuris prone to forming expanded 
octets, so the following Lewis formulaiis proposed: 
hp- 


7G 
_ Se Sie 
‚O: 
Calculating,the formal charges of the sulfur and oxygen 
atoms in this Lewis formula gives: 


FC(S)=6 -(0 + 0.5 x 12) =0 
FC(@ singly bonded) = 6 - (6 + 0.5 x 2) = -1 


FC(O doubly bonded) = 6 -(4+0.5 x 4) =0 
The more electronegative oxygen has the negative 
charge, same as that in the previously suggested 
structure. However, the formal charge values in this 
second Lewis formula are closer to zero and have 
a range of 1: these conditions are more favourable. 
Therefore, the second Lewis formula is preferred. 

In both cases, the sums of the formal charges are -2, 
which is equal to the charge of the polyatomic ion. 


47. Determine the formal’charge of every atom in each of the molecules below. 


You will‘need to draw the Lewis formulas first. 


a he d. NO, 
b. AACO, e. SF, 
ey OF f BH 
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G Linking question 


What are the different assumptions 
made in the calculation of formal 
charge and of oxidation states for 
atoms in a species? (Structure 3.1, 
Reactivity 3.2) 
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Practice questions 


48. Based on formal charge considerations, determine which Lewis formula is 
preferred: 


a sN—N—=O: :N=0=N: 


b. 


:0=C—N: =c i:] kg =n] 


49. Determine the formal charge of each atomiin the XeO, molecule shown 
below and suggest an alternative Lewis formula in which the formal 
charges are all zero. 


50. Draw two alternative Lewisformulas for,ClO;. Determine, using formal 
charge, which'f the two is favourable. 


Sigma bonds (o) and pi borids (7) 
(Structure 2.215) 


Earlier inthis topic, we defined covalent bonding as the electrostatic 
attraction between two nucleiand a shared pair of electrons. In this section, 
wewill delve deeper into how pairs of electrons occupying atomic orbitals 
on neighbouring atoms are shared using valence bond theory. This is the 
idea that valence electrons form bonds when orbitals in neighbouring atoms 
overlapwitheach other, allowing the electrons to pair their spins. 


We knowathat bond strength increases with greater bond order. Consider the 
average bond enthalpy for a single C-C bond (346 kj mol") and contrast it 
with that of a double C=C bond (614k) mol). The average bond enthalpy for 
the double bond is significantly higher but not double that of the single bond. 
This is because the two bonds in the double bond are not the same: one is a 
sigma bond (6) and the other is a pi bond (7). Pi bonds are generally weaker 
than sigma bonds. This is why the strength of the double bond is not exactly 
double the strength of the single bond. 


In a triple carbon-carbon bond, one of the three bonds is a sigma bond and 
the other two are pi bonds (figure 78). 


o 5, qap 
| \ | wy ul 
—c+c— CC cc 
| | x \ x 
A Figure 78 Single bonds are sigma bonds. Double bonds contain one sigma and one pi 
bond. Triple bonds contain one sigma and two pi bonds 


Structure 2.2 The covalent model 


Sigma bonds (o) 


Imagine two hydrogen atoms approaching each other. They each have one 
unpaired electron, in the 1s orbital. Eventually their 1s orbitals will overlap. When 
they do so, the electrons will pair up forming a covalent bond. 


Imagine an invisible line between the nuclei of the two bonding atoms. This line 
is known as the bond axis or internuclear axis. The two 1s orbitals will overlap 
along this axis to form a sigma bond. This means that there is a region of high 
electron density along the bond axis. Figure 79 shows that sigma bonds can form 
between pairs of orbitals of different types. 


Single bonds are always sigma bonds. 


(D Thinking skills 


Sigma bonds get their name from the Greek letter o, which is where the letters 
came from in the Latin alphabet. When you look directly along the bond axis), the 
sigma bond looks spherical, like an s orbital. 

Pi bonds get their name from the Greek letter zt, which corresponds to the 
letter p. When you look along the bond axis, the pi bond looks like a p orbital, 
with lobes above and below the axis. 

What other things in science are named after things they resemble? 


Pi bonds (z) 


If p orbitals are present in two neighbouring atoms, they can overlap sideways, 
above and below the bond axis. This type of 6Verlap forms a pi bond'(figure 80). 
In pi bonds, the electron densityis concentrated at opposite sides of the 

bond axis. 


One pi bond consists oftwolobes at opposite sides of the bond axis, as shown in 
figure 80. A pi bond.contains two electrons, which occupy both lobes. 


Worked: éxample See 
Determine the number of sigma, andi pi bonds in the molecule (NC),C=CH,. 
Tha strügtural formula is given, below. f 


First, count the sigma bonds in the structural formula. Remember that single 
bonds are sigma bonds and each of the multiple bonds contains one sigma 
bond. Therefore, there are 7 sigma bonds. 

Then, count the pi bonds. Each triple bond contains two pi bonds. Each 
double bond contains one pi bond. There are 5 pi bonds in total. 


S S 


O o 
A Figure 79 Sigma bonds are formed 
when orbitals overlap along the bond axis 


The shapes ofgénd n. e A are 
ee lure 13. 


m bond 


overlap above and 
below bond axis 


A Figure 80 Pibonds are formed when 
p orbitals overlap above and below the 
bond axis 
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Practice questions 


51. Compare and contrast sigma 
bonds (©) and pi bonds (71). 


52. Explain why two overlapping s 
orbitals cannot form a pi bond. 


While valence DO! 
geometfy, Lp fde to to 


of boring’ atnongst chemists are bas 
sophistica theory, molecular orl 


y two models: 
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a. 
b. 
co 
dé 
e. 

h f. 
g. 
h. 


aromatic stability of benzene 


Worked example 9 


Determine the number of sigma and pi bonds in the phosphate anion, 
PO,*. The Lewis formula is given below. 


oe 3- 

K 
E 
te 

| 

“er 


Solution 
The three single bonds and one of the bonds in the double bond areall sigma 


bonds, giving a total of 4 sigma bonds. There isione pi bond: thesecond bend in 
the double bond. 


Look up the Lewis formula,of each of the following molecules. Determine their 
number of sigma and pi bonds. 

ethanoi¢ acid CHCOOH 

Propyne, GH,CCH 

ethanenitrile, CH,CN 
“earbonate ion, CO,” 

ammonium ion, NAL,” 

Phosphorus trichloride, PCI, 

azide ion, N; 

methanoate ion, HCOO 


— —- 


e Valence bond theory describes the strong, hexagonal 
sigma bond framework of benzene. 


e Molecular orbital theory shows that delocalization 
gives benzene a distinct energetic advantage. 


Molecular orbital theory draws heavily from quantum 
mechanics. Can you think of any other examples where 
we use the other sciences to enhance our understanding 
of chemistry? 


Hybridization (Structure 2.2.16) 


By now you should know that carbon is tetravalent, meaning it can form four 
covalent bonds. If these bonds are single bonds, they are usually arranged in a 
tetrahedral structure around the carbon atom at approximately 109.5° angles 
from one another. For example, methane, CH, has a tetrahedral structure. 


Structure 2.2 The covalent model 


However, the ground state electron configuration of carbon, 1s*2s*2p?, 
contradicts these observations. Carbon contains two unpaired 2p electrons 
(figure 81a) and therefore should form two bonds (one involving each unpaired 
electron), not four. Furthermore, the two occupied 2p orbitals are at 90° from 
one another, not 109.5°. This means that the atomic orbitals must undergo 
certain changes when they form bonds. 


Hybridization is the concept of mixing atomic orbitals to form new hybrid 
orbitals for bonding. An example of this process is shown in figure 81 for the 
carbon atom. There are two steps: 


1. Promotion: A 2s electron is promoted to one of the 2p orbitals. 


2. Hybridization: The singly occupied 2s and 2p atomic orbitals are hybridized, 
meaning they combine and give rise to orbitals of new shapes. The resulting 
orbitals are called hybrid orbitals and they all have the same energy. 


(a) (b) lo) 
aUI | LH} GT {LAL 
2s 2p 2s 2p sp? hybrid orbitals 


A Figure 81 (a) The ground state electron configuration of carbon 
(b) One of the 2s electrons is promoted to a 2p orbital 
(c) The four atomic orbitals are hybridized to,form four S° hybrid orbitals 
of identical energy 


Overall, hybridization is energetically favourable. Theypromotion step absorbs 
energy, but the energy released by the sulbsequent bond formation outweighs 
this. Promotion does not require much,energy because it relieves the 2s electron 
of the repulsion it experiences when paired. 


sp? hybrid orbitals 

The number of resulting hybrid orbitals isequal to the number of atomic orbitals 
combined to make themalf four atomic orbitals (one 2s and three 2p) are 
combined in carbon, four equivalent sp*hybridiorbitals are produced. Each of 
these hybrid orbitals is a’mixture composed of one part 2s and three parts 2p, 
and therefore has 25% s characterand)75% Ø character (figure 82). 


PUES PoP 


2p sp 


A Figure 82, One 2s andithree 2p atomic orbitals combine to form four equivalent sp? 
hybridvorbitals 


The four sp? hybrid orbitals arrange themselves tetrahedrally, leading to the 
109.5° bond angles. In carbon, these orbitals are each occupied by one electron 
and therefore can form four sigma bonds. For example, in methane, CH,, each 
of the sp? hybrid orbitals overlaps with a 1s atomic orbital on a hydrogen atom, 
forming four covalent bonds (figure 83). 


You can deduce the electron 
configuration of an element from its 
atomic number. This is covered in 
Structure 1.3. on 


central 
carbon atom 


3 i 
sp? hyb 
Y orbitals 


ls atomic 
orbitals 


A Figure 83 In methane, each carbon sp? 
orbital overlaps with a hydrogen 1s orbital. 
The geometry around the carbon atom is 
tetrahedral 
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Pz 


sp 


2 


sp 


A Figure 84 Each of the three sp? hybrid 
orbitals (blue) contains one electron. The 
unhybridized p, atomic orbital (white) also 
contains one electron 


sp sp 


Py 


Pz 


A Figure 86 Eachyof the two sp hybrid 
orbitals(blue) contains one electron. The 
twounhybridized p, and p, atomic orbitals 
(white) also contain one electron each 
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sp? hybrid orbitals 


Carbon can also become sp? hybridized. The combination of one 2s and two 2p 
atomic orbitals produces three sp? hybrid orbitals. These sp? hybrid orbitals arrange 
themselves in a trigonal planar fashion, at 120° from one another (figure 84). 


Each hybridized orbital contains one electron, so they can form sigma bonds. 
The remaining unhybridized p, orbital can then go on to form api bond with a 
parallel p_ orbital on a different atom (figure 85). 


Pz Pz 


A Figure 85 In ethene, B.H, the two carbon atoms each have three sp? hybrid orbitals 
(blue) which formsigma bonds with each other and'two hydrogen atoms. The remaining 
unhybridized p, orbitals (White) overlap side-by-side and form a pi bond, resulting in a 
carbon-carbonidouble bond 


sp*hybrid)Orbitals 


The combination of one 2s,and one 2p atomic orbital leads to the formation of 
two sp hybrid orbitals. They adopt a linear arrangement, with 180° between 
them (figure 86); 


The hybrid.orbitalsican form sigma bonds. The remaining unhybridized py and 
p, orbitals can form two pi bonds with parallel p orbitals on a neighbouring atom 
(figure 87): 


Pz Pz 


A Figure 87 In ethyne, C,H,, the one sp-sp overlap and the two 1s-sp overlaps form three 
sigma bonds. The four unhybridized p orbitals form two pi bonds, resulting in a carbon- 
carbon triple bond 


Structure 2.2 The covalent model 


Hybridization in other atoms 


Hybridization also occurs in atoms other than carbon. The number of electrons 

in the p orbitals will differ, but the general principles are the same. For example, { } { } { { 

consider the oxygen atom in water, H,O, which is sp? hybridized: 2s — ÉR 
p 

* The oxygen atom’s ground state electron configuration is 1s? 2s? 2p*. 

e We can distinguish between the three 2p orbitals to show that one of | 


them contains a pair of electrons and the other two are singly occupied: 
1s? 2s? 2p? 2p,!2pl. APPT] i 


So } 
* The 2s and 2p orbitals hybridize to form four equivalent sp? hybrid orbitals sp3 hybrid orbitals 

containing six electrons in total (figure 88). Two of the sp? hybrid orbitals A. Figug8 The 2s and Mato Apitals 
contain a pair of electrons each and therefore do not form bonds: they 5 es , 

. , Pa K in oxygen are hybridized to form four sp 
constitute the two lone pairs on oxygen that you are familiar with. The hybrid orbitals 
remaining two hybrid orbitals are singly occupied and go on to form sigma 
bonds with the s orbitals on hydrogen atoms. 


Since the four hybrid orbitals are tetrahedrally arranged, the bond angles are 
close to 109.5°. However, two of the hybrid orbitals are already full, sothe 
oxygen atom has two lone pairs. This corresponds to bent molecular geometry. 
The fact that the bond angle is not exactly 109.5° but rather 104. 5° suggests that 
the hybridization is close to but not exactly sp°. 


Practice questions © AÀ i AX, 


53. Draw orbital box diagrams to show the promotion 54. Describe the changes undergone by the atomic 
and hybridization process for the oxygematom in orbitals of nitrogen when it bonds to hydrogen to 
water, described above. form ammonia, NH,. 


Hybridization and geometry, 


Hybridization and sigma bonding are closely linkedito electron domain 
geometry. The numberof hybrid orbitals formed by an atom is equal to the 
number of its electron domains. 


You will remember fromthe discussion of VSEPR that double and triple bonds 

are treated as single additional electfon domains when determining molecular 
shape. This is because pi bonds do nøt involve hybridized orbitals, so they do 
not have alarge effect on the geometnwof a molecule. 


Number Number Flechondamain Number of 
Hybridization of hybrid of electron non-bonding Molecular geometry 
: 3 geometry 3 
orbitals domains domains 
sp? 4 4 tetrahedral (0) tetrahedral 
] trigonal pyramidal 
A k i Hil 2 bent 
sp 3 3 | trigonal planar 0) trigonal planar 
| ] bent 
sp 2 2 | linear O linear 


A Table16 Hybridization, electron domain geometry and molecular geometry 


WZ) 
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Practice questions 
a 55. State the hybridization of: 


56. Consider the following species: CF}, HCN, N,H,. 


a. anatom with tetrahedral electron domain For each of the carbon and nitrogen atoms in these 
geometry species, deduce the following: 

b. the carbon atom in ethene, C,H, a. number of electron domains 

c. the oxygen atom in oxygen difluoride, OF, b. electron domain geometry 

d. the nitrogen atom in molecular nitrogen, N, c. hybridization. 

e. anatom with trigonal pyramidal molecular 57. The Lewis formula of methyl propanoateis shown 
geometry below. Deduce the hybridization, number of electron 


f. an atom with bent molecular geometry (two 
answers are possible here). 


A Figure 89 When ethanoic acid loses 
a hydrogen ion, the C-O\bonds become 
equivalent 


Draw the two resonance structures 
of the ethanoate ion. 
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domains, electron domain geometry and molecular 
geometry for atoms A, Band C. 


H H @: H 


EANA 
LNM Y \ 


Hybridization ańdħłdelocalizatiom 


Consider the ethanoate ion, CH,COO-7flt forms when ethanoic acid loses a 
hydrogen ion: By doing’so, the carbon=oxygen bond lengths change: the 
bondrdefsichange from 2 and Jeton. 5 each. The electrons in the double 
bond become delocalized’across the two carbon-oxygen domains. This is 
shown,in figure 89. 


In the C=O bond of ethangic acid, CH,COOH, the carbon and oxygen are both 
sp? hybridized. The unhybridized 2p orbital electron in each atom forms the pi 
bond between them, The other oxygen atom, in -OH, has sp? hybridization. 


When the -OH hydrogen is lost to form ethanoate, the remaining oxygen 
atom adopts an sp? hybridization. As a result, the oxygen atoms and the 
carbon atom each have three electron domains around them. Three electron 
domains correspond to sp? hybridization and one unhybridized 2p orbital 
each. The orbitals overlap allowing the p electrons in them to be delocalized 
as shown in figure 90. 


ethanoate ion 
shown as 
O 


H3C—C CH3— Ĉ — 
x 


A Figure90 The delocalization of electrons due to resonance in the ethanoate anion 


Structure 2.2 The covalent model 


End-of-topic questions 


Topic review 


]. Using your knowledge from the Structure 2.2 topic, 
answer the guiding question as fully as possible: 


What determines the covalent nature and properties of a 
substance? 


2. Compare and contrast ionic bonding, covalent bonding 
and intermolecular forces. 


3. Compare and contrast molecular and covalent network 
substances. 


Exam-style questions 
Multiple-choice questions 


4. Which of the following species is molecular? 


A. Na,O 
B. KBr 
C. NH,NO, 
DENO; 
5. Which molecule has the shortest carbon—-oxygen bond? 
A. CH,CH,OH 
B. (CH,),O 
ce, CHICO 
D CO 
6. What is the electron domain geometry, the molecular 


geometry and the.Cl-P-Cl bond angle for the’molecule 


ofphosphorustrichloride, PCI 
CI-P-Cl bond 
angle /° 


Electron domain | Molecular 


geometry | geometry 
Avp/tetrahedral \stetfahedral 109.5 
B. | tetrahedral | trigonal 109.5 
pyramidal 
C. | tetrahedral trigonal 100.3 
} j pyramidal 
D Ez pyramidal | trigonal 100.3 
NP pyramidal 


Z 


. What are the formal charges on P and O in the Lewis 


The hydronium ion is formed when a water molecule, 
H,O, reacts with a hydrogen ion, H+. Which typeof 
bond is formed in this reaction? 


A. coordination bond 
B. ionic bond 

C. hydrogen bond 

D. intermolecular force 


The electronegativities, y, of four elements are: 


CnC 
x wy 22 | Le |e A 


Which bond is the most polar? 


A. @@H 

py O-H 

Cc. HG 

D. 2 

Which of the following allotropes of carbon is 
molecular? 

A. graphite 

B. graphene 


C. buckminsterfullerene 


D. diamond 


. Whatare the intermolecular forces present between 


molecules of CH,F? 
A. London (dispersion) forces 
B. London (dispersion) forces and dipole-dipole forces 


C. London (dispersion) forces, dipole-dipole forces 
and hydrogen bonding 


D. hydrogen bonding 


= 
<= 
< 
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formula of the phosphate oxoanion? 


A. Pis-landOis 0 25 


B. Pis+5and Ois -2 i 
C. PisOandO is Oand -1 oc P O 
D. Both are -3 | 

=O 
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is the electron domain geometry of the sulfite 


A 12. whati 
< oxoanion, [SO,}*? 
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iS; 


14. 


lS 


16. 


A. trigonal planar 
B. trigonal pyramidal 
C. tetrahedral 

D. bent (V-shaped) 


is the molecular geometry of BrF,? 
A. octahedral 

B. square planar 
C. T-shaped 
D 


square pyramidal 


Whatis the molecular geometry of [PF]? 
A. trigonal planar 

B. trigonal bipyramidal 

C. square pyramidal 
D 


octahedral 


Which ofthe following molecules is non-polar? 


A. SF, 
B. CIF, 
C. BrCl, 
D. SeF 


Which of the combinations.of atomic orbitalsshown 
below left results inasigma bond? 


A. lând llfonly 


B. land. lll only 
G. |land IlVonly 
D. |, Iland Il 


. LOR F CO 


. Kh 


. T Tee 


17. What is the hybridization of the oxygen atom in ethanol, 


CH,CH,OH? 

A. sp 

Bsp: 

Csp 

D. Itis not hybridized. 


. What is the hybridization.ofthe carbon atom in 


hydrogen cyanide, HGN? 


A. sp 

B. sp? 

CG, sor 

D. Itis not hybridized. 


. Howemany sigma and pi bonds are,present in a 


molecule of hydrogeneyanide, HCN? 


Extended-response questions 


20. Describe the meaning of the term covalent bond. 


Als 


22: 


23: 


The phosphonium ion, PH,*, is formed when a 


[2] 


hydrogen ion, H+, reacts with a molecule of phosphine, 
PH,. For each species, phosphine and phosphonium: 


a. Draw the Lewis formula. Identify any coordinatio 


bonds 


b. Deduce the electron domain geometry and 
molecular geometry. 


c. Suggest the bond angle. 


d. Deduce whether it is polar or non-polar. 
Explain your reasoning. 


Methane, CH,, ammonia, NH,, and water, H,O, all 


n 


[3] 


[2] 


have tetrahedral electron domain geometry with bond 


angles of 109.5°, 107° and 104.5°, respectively. 
Explain these differences in bond angle values. 


Diamond and graphite are allotropes of carbon. 
Describe and explain the electrical conductivity of 
these two materials. 


[2] 


[3] 


AHL 
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24. Household vinegar is made from aqueous ethanoic 
acid, CH,COOH. 


a. 


b. 


Draw the Lewis formula of ethanoic acid. [2] 


Draw a diagram to represent the intermolecular 
interaction between a molecule of ethanoic acid 


and a water molecule. [2] 


Ethanoic acid molecules can form dimers, 
particularly when gaseous or dissolved ina 
non-polar solvent. Dimerization means that two 
ethanoic acid molecules can associate as shown 
below. 


oes 


e Cu 


] 


—G> 


Bie 


Calculate the molar mass of an ethanoic 
acid dimer. [1] 


ii. Suggest why ethanoic acid is more likely to 
form dimers when dissolved in non-polar, 
solvents (such as hexane) than in polar 
solvents (such as water). 


Ethanoic acid, CH,COOH, dissolves readily in 
water. The aqueous solubility of hexanoic acid, 
CH,CH,CH,CH,CH,COOR, is very low. 
Explain this differencefin solubility. 


[2] 


[2] 


State the number of pi andjsigma bonds ina 
molecule of ethanoic acid. {1] 


Deduce the hybridization of the carbon and 


oxygen atoms in ethanoic acid. [2] 


2 OH 


H3C —N 


O + AE ee ee 


| | 
© © 
OH 


morphine 


25. The following substances al 


have similar molar masses. 


ethanoic acid, CH,COOH 
OH 


propan-l-ol, CH,CH,C 


methoxyethane, CH,C 
butane, CH,CH,CH,C 


a. Use your knowledge of intermolecular forces 
and structure to list these four substances in 
order of increasing\boiling point. 

Explain your reasoning. 


[4] 


b. Explain why, when comparingsthe strength of 
different intermolecular forces, itis helpful to 
compare substances that have similar molar 
masses. 1] 


26. Explain why the boiling point ofthe group 17 elements 


increases down thé group. 


[2] 


27. Wateris an excellent solvent 


a. 


Oxygen dissolved in water bodies supports the 
presence of aquatic organisms. Describe the type 
of intermolecular forces that occur between oxygen 
molecules, O,, and/water molecules, H,O. m] 


lonic compounds often dissolve in water but not 
in organic solvents. Explain why ionic compounds 
do hot readily dissolve in hydrocarbon solvents. [2] 


28. Morphine and diamorphine are strong painkillers 
belonging to a group of substances known as opiates. 
The esterification of morphine produces diamorphine 
(heroin), as shown below: 


a. 


CH3 —— © 


Identify and explain which of these two opiates 


has a higher aqueous solubility. [3] 


The potency of opiates depends on their ability to 
cross from the blood into the brain. The blood- 
brain barrier is composed of lipids which are 
non-polar. Identify and explain which of these 

two opiates dissolves more readily in non-polar 
environments. fl] 


+ 2CH3COOH 


diamorphine (heroin) 
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29. A paper chromatogram for a mixture of amino acids is 31. The carbonate ion contains delocalized electrons. = 
Gbrained usinga nen polar solvent a. Draw the three resonance structures of the z 
a. Calculate the retardation factor, R,,, for the spot carbonate ion, CO,*. [2] 
labelled X in the chromatogram. [2] b. State the bond order of the caroon-oxyggn 
b. Deduce which of the three components is likely bond in the carbonate ion. 0] 
to have the lowest polarity. [1] 


32. Benzene, C,H, contains delocalized electrons and is 
often represented as follows. 


a. Explainywith reference to hybridization, why the 
delocalized electrons in/benzene forma ring 
above,and below the plane of the molecule. (2] 


b. | Outline how bond length data.confirms the 
structure of benzene. 0] 


c. à Describe onepiéce. of chemical evidence that 
30. The diagram below is a chromatogram of an extract further supports,the structure of benzene shown 
from a supermarket curry sauce (labelled S). Four above. [2] 
reference samples of food colourings have also been 
run on the chromatogram. Outline three conclusions 
that can be derived from the information inthe 
chromatogram. [3] 


33 Sulfur trioxide, SO,,is an acidic gas. If present in the 
atmosphere, sulfur trioxide can dissolve in rainwater 
leading to acid rain. 


a. Draw two Lewis formulas for SO,, one that follows 
the octet rule, and one where the sulfur atom has 
solvent front an expanded octet. [3] 


b. Determine the formal charges of each of the 
atoms in the Lewis formulas you drew in (a). [2] 


c. Deduce, using the concept of formal charge, 
which of the two Lewis formulas is preferred. 
Explain your reasoning. 0] 


E102 E110 E122 E124 
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Structure 2.2 The covalent model 


34. 


25: 


Ethene, C,H,, belongs to a group of substances known 


as the alkenes. 
a. Draw the Lewis formula for ethene. n] 


b. Deduce the molecular geometry of each of the 
carbon atoms in ethene. p] 


c. Suggest values for the following bond angles in 
ethene: 


i. CH 
ii. TE [2 


d. State the number of sigma and pi bonds in a 
molecule of ethene. p 


e. Deduce the hybridization of the carbon atoms in 
ethene. fl 


f. Explain why molecular rotation is restricted 
around the carbon-carbon bond in ethene. {2 


g. Identify the main type of intermolecular force 
present between ethene molecules. 
Explain your reasoning. {2 


State the hybridization of the carbon atoms in 
diamond and in graphite. Using these data, explain the 
electrical conductivity of each of the tw6lmaterials. [4] 


36. The condensed structural formula of phenylamine is 
C,H,NH,. A molecular model of phenylamine is shown 
below. 


H 


a. Deducethe electron domain geometry and 
modleculangeometry of the carbon and nitrogen 
atoms in phenylamine. [2] 


b. State the hybridization of the carbon and 
nitrogen atoms in phenylamine. [2] 


c. A theoretical study of the electron structure of 
phenylamine suggests that the H-N-H bond 
angle in phenylamine should be 112.79°, which 
is very close to the experimental value. Discuss 
what you may conclude about the molecular 
geometry around the nitrogen in the -NH, group 
in the structure of phenylamine, and deduce the 
hybridization state of nitrogen on this basis. [3] 


37. Carbon atoms can form single, double or triple covalent 
bonds with other carbon atoms. Suggest why two 
carbon atoms are unlikely to form quadruple bonds 
with each other. [2] 
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Sidia WAS The metallic model 


What determines the metallic nature and properties of an element? Aa 
A large proportion of the Earth's crust is composed of The reduction of iron(II) from its ore is achieved with’the 
metallic elements, and humans have been using metals for addition of carbon in a blast furnace. Higher reactivity 
millennia. The ability of metals to be moulded into shapes, metals are reduced by electrolysis of their molten 
drawn into wires, and conduct electricity and heat makes compounds. 
them very useful and versatile. These properties are a result Metal extraction processes require large amounts of 
of metallic bonding. energy, posing environmental risks#However, many metals 
Some metals are found as elementary substances in can be recycled, provided that metallic waste is collected 
nature, but many are found in ores, in their oxidized state. and treated safely and.correctly. 


Understandings 


gA.3 = Transition elements have delocalized 
id “A 


Structure 2.3.1 — A metallic bond is the electrostatic 
attraction between a lattice of cations and delocalized 
electrons. 


Structure 2.3.2 — The strength of a metallic bond depe! 
on the charge of the ions and the radius of the metal i 


AHL 


Metallic structures Structure 2.3.1) 


Nearly 100 of the. 118 known elements are metals. Bonding in metals can be 
described as the electrostatic attraction between metal cations and delocalized 
electrons. The degree of electron delocalization in pure elements is inversely 
related to theirelectronegativity, which generally increases across periods and 
decreases.down groups. Therefore, metallic properties of elements demonstrate 
the opposite trend: they increase down groups and decrease across periods. 
For example, the properties of period 3 elements, from sodium to argon, change 
gradually from metallic to non-metallic (table 1). 


> Figure] Ancient copper awl, a 
piercing tool, discoverediin the Jordan 
Valley. It is estimated to be 6,000 years 
old, and one of the oldest metal artefacts 
known 
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Structure 2.3 The metallic model 


Na Mg Al Si P S cl Ar 
Metal, metalloid, metal metal metal metalloid | non-metal | non-metal | non-metal | non-metal 
or non-metal? 
Structure metallic metallic metallic covalent | molecular | molecular | molecular ‘monatomic 
network | covalent | covalent | covalents| ~~) 
Electrical high high high semi- low low low 4m low 
conductivity conductor LF? w 
Electronegativity 0.9 1.3 1.6 1.9 2.2 2.6 a” Í N/A 
D h 
A Tablel Properties of period 3 elements LAavrtw-> A 
@® Thinking skills | N 
Chemistry often involves thinking about how microscopic behaviour affects A K N y 
observable features of matter and materials. The connection between é ~~, 
structure and physical properties is a central idea in this chapter. As y ad, i 7 
make a conscious effort to connect each of the observable charactefistics of, 
metals to the way their particles behave. When you have finishee d P i 
your notes to a peer’s and see if there are any similarities IA A ` 
The metallic-covalent bonding continuum is shown.in Age Y On the left, af 
there are elements with low electronegativity, values that tendto form metallic ` 2 sd r 
bonds. On the right, there are highly electronegative non- metals that forf s aoe eee 
*metallic covalent 
covalent bonds. Metalloids are somewhere in the: middle: they, ‘aa both, j 
~ character character 


metallic and non-metallic properties. 


The metallic bonding médef 


D 


When metallic atoms bond to other metalic: ators, theinvalence electrohs 
become delocalized. Delocalized electrons are not attachedito individual ions, 
but rather move freely within the lattice of closely packed cations. This creates a 
negatively charged “ sea ” ofelectrons thatsurroginds the cations. 


Metallic bonding restis from the electrostatic Rgn between metal cations 


and the sea of delocalized electrons and th they (figure 3). 


A Figure 3 Structure of a metal showing an array of positive ions (cations) surrounded 


by a “sea” of delocalized electrons 


Å— 


1.0 2.0 3.0 4.0 
mean electronegativity 


A Figure 2 The metallic-covalent 
bonding continuum 
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ure4 When a potential difference 
is applied, the delocalized electrons are 
donated by the negative terminal and 
move towards the positive terminal 


The presence of delocalized electrons gives rise to many characteristic properties 
of metals. Metals are good electrical conductors, thermal conductors, and they 
are malleable and ductile. 


Substances can conduct electricity when mobile charged particlesâre present. 
Consider a sample of metal. It contains a lattice of cations surrounded by 
free-moving, negatively charged electrons. The delocalized electrons Move 
randomly throughout the metallic structure. When a potential difference is 
applied, there is a net movement of electrons away from the negative terminal 
and towards the positive terminal (figure 4). 


TOK 


Metals are lustrous and reflect light well, which is why they are used’ to make 
mirrors. Reflective surfaces have historically sparked human fascination 
and curiosity. In some cultures, mirrors were believed to have magical 
properties. They have also been perceived as valuable, status-signalling 
objects. Mirrors have'appeared in literature yboth as instruments of clarity and 
misrepresentation. Nowadays, we know the delocalized electrons in metals 
reflect incident light, and most household mirrors are made by applying a 
layer of silver metal toa glass surface. These are examples of how different 
areas of knowledge might approachithe same topic. 


Are sometypes of knowledge more open to interpretation than others? 


A Figure5 Anish Kapoor's Cloud Gate in Millennium Park, Chicago, reflects the 
people, buildings and sky around it on its curved, stainless steel surface 


Structure 2.3 The metallic model 


One of the reasons metals are used to make cookware is their thermal 
conductivity, meaning that they conduct heat well. The thermal energy ofa 
substance is related to the kinetic energy of its particles. When a substance 
is heated, its particles gain kinetic energy, so their vibrations and movement 
become more vigorous. 


When a metal is heated, the vibrations of its cations increase in magnitude. 
These vibrations are easily passed along to other cations because of their 
closely packed arrangement. The vibrating cations also transfer energy to the 
surrounding electrons through collisions. Since the electrons in metals are 
mobile, they can pass this increased kinetic energy to other parts of the lattice. 
This explains why metals are good conductors of heat. 


As thermal energy in metals increases, ions in the lattice vibrate more, so 

there are more collisions between electrons and ions. Some kinetic energy is 
converted to heat with each collision. These collisions are the cause of electrical 
resistance in metals, which increases with temperature (figure 6). Conversely, 

a decrease in temperature reduces the frequency of collisions, so the electrons 
move in amore direct path. In this case, the resistance decreases. 


400 


300 


metals 


200 


resistance / Q 


(0) 300 600 900 1200 
temperature / K 


Superconductors are materials that offer nosresistance to electric current below 
a certain “critical” temperature. At very,low temperatures many metals and some 
other materialsrexhibit this property. 


Malleability isthe ability of a solid'to be pressed or pounded into different shapes 
without breaking. This useful property isthe reason why metallic objects have 
sucha wide array of shapes)rangingfrom sewing needles to aeroplanes to 
zippers tovanchors. 


Metallic bonding is non-directional. When a force is applied to a metallic structure, 
the layers of cations can slide past each other without breaking the electrostatic 
attraction tothe surrounding delocalized electrons. The cations can therefore 

be rearranged, allowing the metal to take on a new shape (figure 7). Aluminium 
foil, often Used to wrap food, demonstrates that the metal aluminium is readily 
malleable. 


A related property, ductility, is the ability of a solid to be stretched into wires. 
Ductility and electrical conductivity are a very useful combination of properties 
that allows electrical wires to be produced at the industrial scale. 


“4,Figure6 Resistance 
increases linearly with 
temperature'for most 
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A Figure 7 Metallic bonding remains 
intact even after a metal is hammered 


into a sheet or other shape 
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Structure 2 Models of bonding and structure 


To summarize, metals are typically: 
e good electrical conductors because they contain mobile delocalized electrons 


* good thermal conductors because they contain mobile delocalized electrons 
and closely packed cations 


e malleable and ductile, because the layers of cations can slide pasteach other 
without breaking the metallic bonds. 


A Figure 8 Liquid iron metal from a blast furnace A Figure 9 Aluminium cans in a recycling plant. Like other 
metals, aluminium retains its properties after being recycled 


In this skills taskyyou will use a database to explore the properties of metals. 


Relevant skills 


* Tool 2: Identify and extract data from databases 
e »lnquiry 1.Formulate research questions 


* — Inquiry 2: Collect and record sufficient relevant quantitative data 
Instructions 


Using at least one database of your choice, identify, extract and analyse data 
that will allow you to investigate the trend relating to the properties of metals. 
This may involve looking at electrical conductivity, melting point or thermal 
conductivity of a number of metals across a period or down a group. (If you 
are an AHL student, you may wish to explore a property of the transition 
elements.) 


State a research question that is addressed by your data collection and 
processing. 


(ant) Before starting this task, create a plan of the steps you think it will 

require and estimate the time needed to complete each step. Then, 
do the task and keep a log of the actual time you spent completing the 
various steps. 


When you have finished, compare the two sets of steps and times. How 
do they compare? How can these observations help you plan extended 
tasks in the future? 
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Practice questions 


1. State the property (or properties) of metals that makes them suitable for 
manufacturing: 


a. kitchen pans 

b. electric power cables 
c. radiators 

d. cars 

e. 


artificial hip joints 

f. guitar strings. 
2. Drawa labelled diagram to explain how bonding occurs in metals. 
3. Draw labelled diagrams to explain why metals are: 

a. malleable 

b. good electrical conductors 

c. good thermal conductors. 


G Linking questions nany 


What experimental data demonstrate the physical properties of metals, and 
trends in these properties, in the periodic table? (Tool 1, Inquiry 2, Structure 3.1) 


What trends in reactivity of metals can be predicted from the»periodic table? 
(Reactivity 3.2) l 


The strength of metalli¢ bonds 
(Structure 2.3.2) 


The stronger the attractions between the cations and delocalized electrons, the 
stronger the metallic bond. 


Metallic bond strength decreases with greater ionic radius, and increases with 
greater ionic charge. 


A third factor, related to.ionic charge, is the electron density of the “sea” of 
delocalized/electrons: 


Melting point and boiling pointdata trends can be used to compare the strength 
of metallic bonding in different metals. Consider the melting and boiling points of 
the group metals lithium, sodium and potassium (table 2). 


Element Charge of lonic radius / Melting Boiling 
the cation 102m point/°C point /°C 
lithium 1+ 76 | 18 1342 
sodium 1+ | 102 | 98 883 
potassium wo | 138 | 6 | 759 


The melting and boiling points decrease down the group as the ionic radius 
increases. A greater ionic radius means a greater average distance between the 
cations and the delocalized electrons. This weakens the electrostatic forces of 
attraction between them. 


<4 Table 2 Melting and boiling point 
data for group | metals 
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> Table 3 Melting and boiling point 
data for period 3 metals 


A Figure 10)Metalliclbonding in sodium 
is relatively weak, As a result, sodium is 
a soft metal that cameasily be cut witha 
knife 
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Now compare sodium against two other period 3 metals, magnesium and 
aluminium. 


Element Charge of lonic radius / Melting Boiling 
the cation 10°72m point/°C | point/°C 
sodium ikg 102 98 883, 
[magnesium | 2+ | 72 650 1090 
[aluminium | 3+ | 54 | 6604)» 2519 


The melting and boiling points of sodium, magnesium and aluminium increase 
across the period. The reasons for this are: 


1. Decrease in ionic radius: this reduces the distance between.the cations. and 
electrons, increasing the electrostatic attraction between them 


2. Increase in ionic charge: this,increasesthe strength of the electrostatic 
attraction between the cations and delocalized electrons 


3. Greater number of delocalized electrons per ion: Each aluminium atom 
contributes three valence electrons to the seaof electrons. Sodium atoms 
have only one valence electron that becomes.delocalized. 


Inthisskills task, you will examine the trends in group 1 melting points to 
Predict the properties of unknown elements. 


Relevant skills 


* Tool 3: Construct and interpret charts and graphs 
* Tool 3: Extrapolate graphs 
e — Inquiry 2»Carry out relevant and accurate data processing 


Instructions 


|. Examine the melting point and boiling point data in table 2. Plot a graph 
ofthese data that will help you analyse the melting and boiling point 
trends down group 1. 


2. Extrapolate your graph to predict the melting and boiling points of the 
other metals in group 1 (rubidium and caesium). 


3. Look the values up in the chemistry data booklet and compare them to 
your predicted values. Calculate the percentage errors. 


4. Briefly evaluate the validity of the extrapolation. 
5. Drawa second graph of these data, including Rb and Cs this time. 


6. Reflect on how plotting data that covers a larger range affects the quality 
of your second graph. 


Structure 2.3 The metallic model 


Practice questions 


4. The melting points of potassium and calcium are 63 °C and 842°C, 
respectively. State three reasons why the melting point of calcium is higher 
than that of potassium. 


5. List these metals in order of increasing melting point. 
A. Be, Ca, Sr, Ba B. Be, Ba, Ca, Sr 
C. Ca, Sr, Ba, Be D. Ba, Sr, Ca, Be 

6. Which of the following explains why aluminium has a higher melting point 
than magnesium? 


|. Al contains more delocalized electrons per ion than magnesium 
ll. The ionic radius of Als* is smaller than that of Mg”. 


Ill. The charge of an aluminium ion is greater than that of a magnesium 


ion. 
A. lonly B. ll only 
C. Iland Ill only D. I, lland Ill 


7 
G Linking question x ) 


What are the features of metallic bonding that make it possible for metals to 
form alloys? (Structure 2.4) 


Bonding in transition elements 
(Structure 2.3.3) 


Transition elements are found infthe d-block in the periodic table, and they have 
many properties typically associated with metals: hardness, strength and high 
density. They exhibit variable oxidation states and, frequently, catalytic properties. 


Transition elements are defined as those that have‘atoms), or give rise to ions, with 
incomplete d sublevels. Most ofthe d-block elements are transition elements, but 
there are some exceptions. For example, zinc isnot a transition element because its 
3d sublevel is full, botħwhen it is an atom and when it forms the only stable ion Zn2*. 


fy 


Scientistsare observers, looking at Earth and all other parts of the universe, 
to obtain data about natural phenomena. The name of the transition element 
chromium alludes to the colourful compounds it forms. Chromium was 
discovered by French chemist Nicolas-Louis Vauquelin, who observed 

and analyséd alead ore sample containing chromium from Siberia. After 
precipitating out the lead, Vauquelin noted the different colours and named 
this mew element after the Greek word for colour, chromos. 


The position of the d-block and 
transition elements in the periodic 
table are discussed in Structure 3.1. 


A Figure 11 Car catalytic converter 
made from platinum, rhodium and 
palladium. Transition metals often have 
catalytic properties due to their variable 
oxidation states 
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Structure 2 Models of bonding and structure 


In transition elements, the electrons in the d sublevel become delocalized, as 
well as the electrons of the outer level. The greater electron density strengthens 
the electrostatic forces of attraction between the cations and the electron sea 
that surrounds them. This results in higher melting points for transition elements 
compared to group | and group 2 metals. 


1HY 


The chemical properties of 
transition elements are discussed 
in Reactivity 3.4. 


The large number of delocalized electrons in transition elements also allows for 
good electrical conductivity. This is because there are more deloealized electrons 
that can move along the metal sample when a potential difference is applied. 


> Figure 12 The glowing filament in 
this incandescent light bulb contains 
tungsten. Tungsten’s extraordinarily 
high melting point makes it suitable for y “ z 
high temperature applications. It is also "N 7A AX A A / \ r 
exceptionally strong and dense. In fact, \ | \ ; 
its name derives from the Swedish for Xk Sa ea J; = \ B 
heavy stone: “tung sten” 


\ AX Ji AA \/ \ 


Practice questions 


7. Which’of the following properties of transition elements is a result of the 
presence of delocalized d.electrons? 
A. coloured compounds C. good electrical conductivity 
B. highdensity, D. catalytic properties 
8. Which of the following statements is incorrect? 
A.L Transition elements generally have high melting points and boiling 
points due the presence of unpaired d electrons. 
B. \ Many transition element compounds are coloured because their ions 
often contain incomplete d sublevels. 
C. Transition elements are good electrical conductors due to the 
presence of delocalized d electrons. 


D. Transition elements often have multiple oxidation states. 


9. Explain, with reference to the electron configurations of Zn and Zn?*, why 
zinc is not a transition element. 


@) Thinking skills 


G Liking question As you know, there are various linking questions in this book that aim to 


interconnect the course content and encourage the development of a 


Why is thetrend in melting networked understanding of chemistry. Write a linking question of your 
points of metals across a period own, that explores the connection between the content in this section and 
lessevident eros thed-block? at least one other part of the DP chemistry course. Share it with a partner and 
(Structure 3.1) compare answers. 
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End-of-topic questions 


Topic review 


1. Using your knowledge from the Structure 2.3 topic, answer the guiding 
question as fully as possible: 


What determines the metallic nature and properties of an element? 
2. Compare and contrast ionic, metallic and covalent bonding. 


3. Compare and contrast ionic, metallic, covalent network, and molecular 
structures. 


Exam-style questions 
Multiple-choice questions 
4. Which statement best describes metallic bonding? 


A. Electrostatic attractions between a lattice of positive ions and 
delocalized electrons. 


B. Electrostatic attractions between a lattice of negative ions and 
delocalized protons. 


C. Electrostatic attractions between protons and.electrons. 


D. Electrostatic attractions between oppositely charged ions. 


5. Which substance has a metallicstrueture? 


Melting Solubility in Electrical Electrical 
point /°C water conductivity when conductivity 
molten |- when solid 
36 high low low 
186 insoluble | low low 


ojojo» 


| 1083 high high low 
e q7i0 ? insoluble high high 
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Extended-response questions 


6. Metals have many useful properties including malleability and electrical 


conductivity. 
A 7 z ETa] 
sodium, | magnesium, | aluminium, | copper, 
Na Mg Al wen 
Electrical 
conductivity / 21 2) 38 5.9 
x107Sm" 


a. Explain why metals are malleable. Include a labelled diagram in’your 
answer. {3 


b. The electrical conductivity of several elements is shown/below: 


i. Describe and explain thestrend in the eleetricalconductivity of 
sodium, magnesiumiand aluminium. i [2 


ii. Explain why the electrical/onductivity of metals decreases with 
increasing temperature. [2 


Ca S ba : ` 
iii. Suggestwhy the electrical conddetivity of copper is significantly higher 
than that of the‘other three elements shown in the table. fl 


AHL 


7.  Boilingoint data for the period 3 elements is Shown below. 


tia Sodium, | Magnesium, | Aluminium, ie Sulfur, | Chlorine, | Argon, 


Na Mg Al ysl Ba Se Cl, Ar 
Boiling “883 1090 2519 6 265 | 281 445 -34 -186 
point/ °C 
a. identify the structure of each of the elements in period 3. fl 
b. Plotagraph of boiling point vs atomic number. fl 
| ¢ Explain the trend in boiling point across the period. [3 


Describe and explain the trend in electrical conductivity across 
the period. [3 


4 Figure 13 The period 3 elements 


8. Explain why melting point and boiling point are good indicators 
of metallic bond strength. 0] 


Siddi a WA From models to materials 


What role do bonding and structure have in the design of materials? 


So far in Structure 2, we have discussed how materials can 
be classified according to their bonding: ionic, covalent 
and metallic. Materials can also be classified according to 
their use, origin, and properties. 


History has characterized civilizations by the materials 
they use: Stone Age, Bronze Age, and Iron Age. Uses for 
materials were developed based on observations of their 
properties, before explanations for those properties had 
been proposed. 


From metals to nanotechnology, research into the uses of 
materials is sometimes deliberate, and sometimes their 
unique properties are discovered by chance. 


Materials science is the study of the structureand 
properties of materials and their application, and the 
development of new materials/ It draws heavily from 
chemistry, physics andvengineering. 


Another way to classify materialsinvolves grouping them 
into three types: metals, polymers and ceramics. Two of 
these categories are. considered in Structure 2.4: metals 
(specifically, alloys) and polymersmYour knowledge of 
structureand bonding.will help you understand the nature 
of alloys and)polymers. Alloys are predominantly metallic 
structures) while polymers are covalent compounds. 
Polymers have molecular structure, although their 
molecules are very large. 


Understandings 


Structure 2.4.1 — Bonding is best described,as a continuum 
between the ionic, covalent and metallicamodels) and can be 
represented by a bonding triangle. 

Structure 2.4.2 — The position.of a compound in the 
bonding triangle is determined by. the relative contributions 
of the three bonding types to the overall bond. 

Structure 2.4.3 — Alloys are mixtures of a metal and other 
metals or non-metals. They have enhanced properties. 


Structure 2.4.4 — Polymers are large molecules, or 
macromolecules, made from repeating subunits called 
monomers. 

Structure 2.4.5 — Addition polymers form by the breaking 
of a double bond in each monomer. 


Structure 2.4.6 — Condensation polymers form by the 


reaction between functional groups in each monomer 
with the release of a small molecule. 


AHL 
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A Figure] A 3D printer creating a model from a polymer material, and traditional Javanese gamelan metallophones 
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The bonding continuum (Structure 2.4.1) 


strongly ionic, Some materials cannot be categorized easily into substances with metallic, ionic and 
e.g. CsF covalent bonding. We saw this in Structure 2.1, with compounds such as aluminium 
chloride, AlCl, having a hybrid of covalent and ionic bonding. We also discussed 
metalloids in Structure 2.3, which exhibit covalent and metallic properties. 
Therefore, bonding is best described as a continuum between these medéls. 


Dutch chemists Anton Eduard van Arkel and Jan Ketelaar constructed a triangular 

diagram to represent the continuum of the three bonding/types. The three 
strongly strongly corners represent “pure” metallic, ionic and covalént bonding (figure 2). The 
metallic covalent, sides of the triangle represent the intermediates between one bonding typé and 
e.g. Cs ea another. For example, an Al-F bond can be positioned roughly halfway along. the 
A Figure 2 The van Arkel-Ketelaar ionic—covalent continuum. 


triangular bonding diagram 
e 


We use classification in science to organize objects, information and 
concepts. This can help us torecognize trends and patternsas well as 
anomalies. Materials gan be classified according to different criteria such as 
use, Origin, properties, structure, and bonding. What are the advantages and 
disadvantages of each system? 


The properties of materials withdifferent bonding types 


Thessolubilityand volatility of a substance can be explained in terms of 
bond typeystructure and, if applicable, intermolecular forces. The electrical 
conductivity of a substance@;depends on the presence of mobile charged 
particles. Table 1 summarizes these and other properties of substances with 


different bonding types. 
Property Bonding type 
Metallic Molecular covalent Covalent network 

melting point and varies high low high 
boiling point 
volatility low | low high low 
water soluble no varies varies no 
electricaliconductor yes no when solid no no (except for graphite 

yes when liquid/ and graphene) 

aqueous 

thermal conductor yes no no varies 
brittle no yes no, except some yes 
polymers 

susceptible to corrosion | yes varies | varies no 


A Table1 Typical properties of metallic, covalent and ionic substances. This table is meant as a general guide and there are 
exceptions where substances do not exhibit typical behaviour 
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Brittleness is the opposite of malleability. lonic crystals are brittle while metals are 
malleable. Brittle substances snap and break when subjected to a force because 
hey cannot be deformed easily. The atoms or ions within the substance are 
unable to slide past each other. 


Elastic materials will change shape when subjected to a force, and return to 

heir original shape after the force is removed. In a metal spring, the metallic 

bonding is responsible for the elasticity. In contrast, rubber is elastic due to its 

long polymer chains being able to uncoil and coil up again. You can observe this 

property in an elastic band. The opposite property is plasticity, which means that 

he material retains its deformed shape even after the external force is removed. 
odelling clay is an example of a material with plasticity. 


The term corrosion is often used to describe the oxidation of a metal, such as 
iron, in the presence of oxygen and water. Corrosion more generally refers to a 
chemical reaction between a material and its surrounding environment, which 
damages the material in some way. 


Many materials do not behave in a manner typical of its bonding type..For 
example, aluminium has a low density while mercury is volatile, despite the fact 
that both substances are metals. Graphite and graphene are covalent network 
solids that conduct electricity. Molecular covalent substances have variable 
properties because their molecular size and polarity vary widely. Waxes are 
soft molecular covalent substances, whereas some molecular covalent plastics 
are hard. In some cases, more than one bonding type can contribute to the 
properties of a substance. This helps to explain the variations of properties 
observed within a given bonding category. 


p 


A Figure3 Rusting is a type of corrosion. Iron and steel rust in the presence of water 
and oxygen 
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Worked example 1 
Explain the trends in melting points for silver halides and potassium halides, 


given that the bonds in silver halides have greater covalent character than 
those in potassium halides. Use the data given in table 2 and table 3¢ 


Melting 
point 
generally 
increases 


Melting 
point 
decreases 


A Table3 Melting points of the potassium halides 


Solution 


The partial covalent character of silver halides means that their melting points 
depend on the strength of van der Waals forces. The increasing number 

of electrons‘going down the group from AgF to Agl increases the strength 

of the London (dispersion) forces, causing the melting point to increase 
(table 2). 

The bonding’in potassium halides is predominantly ionic, with minimal 
covalentcharacter. Therefore, the strength of the bonds depends on how well 
the cations and anions interact with one another. From KF to KI, the size of the 
anion increases, so the electrostatic attraction between oppositely charged 
ions decreases and therefore the melting point also decreases (table 3). 


You can try to locate these compounds in the triangular bonding diagram in 
figure 2. The silver halides are all in the covalent region of the diagram, near the 
ionic section. In contrast, the potassium halides are all firmly located in the ionic 
region of the triangle. 


© Data-based questions 


Plota graph of the data given in tables 2 and 3. Compare your graph with the 


tables and suggest which is a better method for illustrating the data. 


Structure 2.4 From models to materials 


Use of triangular bonding diagrams 
(Structure 2.4.2) 


Over time, chemists have further developed van Arkel and Ketelaar’s original , 7 
work. Eventually, electronegativity was incorporated in a way that merges the two You first encountered figure 4a 


continua in figures 4a and 4b. in Structure 2.2, angfigu n 
Structure 2.3. 


The resulting triangular bonding diagram (or “bonding triangle”) is shown in a . 


figure 4c. 
(a) (b) greater greater 
3.0 G | greater ionic metallic covalent 
SEEN | character character character 
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| Metallic | Mean electronegativity (7) 


A Figure 4 (a) The ionic-covalent bonding continuum (b) The metallic-covalent bonding continuum 
(c) The,resulting triangular bonding diagram. This diagram incorporates different bonding categories, the 
mean electronegativity and the difference in electronegativity. Examples of several substances are included 


The positionof a substance in the bonding triangle is determined by the relative 
contributions of the three bonding types to the overall bond. To locate it, we 
need to know the electronegativity values of the two elements involved in the 
bond. We then need to work out two parameters: 


* difference in electronegativities, Ay, which is the ionic-covalent parameter 


e mean electronegativity, y, which is the metallic-covalent parameter. 
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We do not need to consider molecular formula or bond order. As a result, two or 
more different bonds may have identical parameters. For example, the double 
carbon-oxygen bond in carbon dioxide is in the same place in the bonding 
diagram as the triple carbon-oxygen bond in carbon monoxide. 


Worked example 2 


Determine the position of the following substances in the triangular bonding diagram: 


a. carbon tetrafluoride, CF, 
b. pure silicon, Si 
c. barium iodide, Balz 


Solution 
a. carbon tetrafluoride, CF, 
For this example, we need to look at the 
bond between C and F in CF. Carbon has an 
electronegativity of 2.6 and fluorine is 4.0. From this, 
we can calculate the electronegativity difference, Ay: 
Ay =4.0-2.6 
=1.4 
Then, calculate the mean electronegativity, v: 
~_2.6+4.0 
a 2 
ZB 
With these parameters, we can locate the carbon- 
fluorine bond in the upper part of the covalent region 
of the triangle (figure 5). This means that the bond 
between C and F is polar covalent. 


b. pure silicon, Si 


In this example, we consider the bond between 

two Si atoms. In elemental substances like this, the 
atoms are all the same typeand thus have the same 
electronegativity. Therefore;the electronegative 
difference between two Si atoms is.zero, and the 
mean_electronegativity is equal to the Pauling 
electronegativity ofone Si atom (1.9). 

This places siligomin the region between metallic and 
covalent in the bonding triangle (figure 5). 

barium iodide, Balz 

The two atoms in the’bond are barium (y = 0.9), and 
iodine (s27). 

Ay=2.9-0.9=1.8 

27 +0.9 _ 
———— 
With these parameters, we can locate the bond in the 
ionic region of the diagram (figure 5). 


Y= 1.8 


%Covalent 
%lonic 


20+ 


1.04 


ectronegativity difference (Ay) 


Le LS 20 
| Metallic | Mean electronegativity (7) 


A Figure 5 The location of certain bonds in the triangular bonding diagram 
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Practice questions 


]. Using electronegativity values, deduce the main type of bonding in each 
of the following substances by determining their position in the bonding 


triangle. 
a. fluorine, Fz 
b. caesium fluoride, CsF 
c. lithium oxide, Li,O 
d. brass, composed of Cu and Zn 
e. aluminium chloride, AICI; 
f. silicon dioxide, SiO, 
2. Qualitatively describe the relative contributions of the three different types 


of bonding in each of the substances in the previous question. 


3. Explain why nitrogen monoxide, NO, and nitrogen dioxide, NO, are 
located at the same point in the bonding diagram. 


The properties of a substance can be predicted by its position in the bonding 
triangle. We have already discussed the typical properties of pure ionic 
(Structure 2.1), covalent (Structure 2.2), and metallic (Structure 2&8) substances. 
Now we will look ata selection of substances with significant contributions from 
more than one type of bonding. 


Silicon: metallic and covalent character 


Silicon is positioned between the metallic and covalent regions in the bonding 
triangle. It isa metalloid, which means that itexhibits both covalent and metallic 
properties. Silicon is lustrous (shiny) like a,metal)On the other hand, it forms 

a covalent network structure in whichatoms share electrons. Like:covalent 
substances, silicon is brittle and forms a\(weakly) acidic oxide. In terms of 
electrical conductivity, it is an intermediate between conductors (like metals) and 
insulators (like most covalent substances) and is classified as a Semiconductor. 
Semiconductors are generally poor electrical conductors, but their conductivity 
increases when heated, illuminated, or inthe presence of certain impurities. 


Structure 2.4 From models to materials 


<4 Figure6 A silicon wafer containing 
hundreds of tiny microchips for use in 
electronics. 
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Lattice enthalpy is discussed in 
Structure 2.1, and in Reactivity 1.2 
at additional higher level. 


Cl GI CI 
Wal 4% 
Al Al 
~ NSN NS 
CI CI CI 


A Figure7 Two ways of representing 
bonding in the aluminium chloride 
dimer, AlsCle 


Magnesium iodide: ionic and covalent character 


In magnesium iodide, Ay = 1.4 and y = 2.0. The percentage ionic and covalent 
character are both about 50%. As a result of this, magnesium iodide has an 
unusually high lattice enthalpy. 


© Data-based questions 


You can test the assumptions of a model by comparing predicted and 
experimental values. For example, the theoretical lattice enthalpy for an ionic 
compound assumes completely ionic behaviour. However, if the bonds 
between ions are partly covalent, the experimental lattice enthalpy tends to 
be significantly greater than the theoretical prediction. This often happens 
with larger ions, particularly those withlower electronegativity,values, 
because their electron clouds are more polarisable. This allows.a certain 
degree of electron sharing (covalent bonding) in addition toioni@bonding. 
Table 4 shows the difference between experimentaland theoretical values of 
attice enthalpy for sodium chloride and silver chloride: 


Compound Experimenial lattice Theoretical lattice 
enthalpy/ kj mol" enthalpy / kj mol"! 
sodium 
chloride, 
NaC 


silver 


chloride, 
AgC 


A Table 4 Comparison of experimental and theoretical lattice enthalpy 
values for two.compounds 


Based onithe differences between theoretical and experimental lattice 
enthalpy values, assess and compare the ionic and covalent character of 
bondingiin each compound. 


Aluminium chloride: ionic and covalent character 


Another compound which is classified as ionic but has a significant covalent 
contribution is aluminium chloride. Unlike magnesium iodide, aluminium chloride 
has an unusually low melting point, even though it appears in the same region of 
he bonding triangle as magnesium iodide. This shows that the bonding triangle 
cannot always be used to predict the properties of a substance. This is particularly 
rue if the bonding in that substance has a mixed character. 


n aluminium chloride, Ay = 1.6 and y = 2.4. Therefore, aluminium chloride is 
right at the boundary between ionic and polar covalent in the bonding triangle. 
Asa result, aluminium chloride exhibits both covalent and ionic properties. AlCl 
orms ionic lattices when solid. At high pressure, it melts into AlCl, dimers (figure 
7) at 190 °C, which is very low for an ionic compound. Also, unlike a typical 

ionic compound, aluminium chloride is soluble in non-polar solvents such as 
richloromethane. 


Structure 2.4 From models to materials 


Use your knowledge of the behaviour of compounds containing a hydrogen- 
oxygen bond to predict where in the bonding triangle you expect to find this 
bond. Then calculate the Ay and y values to see if your predictions were 
close. 


G Linking question 


Why do composites like reinforced concretes, which are made from ionic 
and covalently bonded components and steel bars, have unique properties? 
(Structure 2.1, 2.2, 2.3) 


Alloys (Structure 2.4.3) 


Pure metallic elements can be mixed with other elements, metalligor non- 
metallic, to form alloys. Different atoms or ions can be held within,the structure, 
while still maintaining the delocalized sea of electrons throughout: Alloys 
therefore retain many metallic characteristics such as electrical conductivity and 
lustre. However, the properties of alloys are different to those of pure metals. 
Properties such as hardness, corrosion resistance and'melting point, canbe 
enhanced by alloying a metal with other elements: 


Alloys are mixtures. The ratio of the:components,in.an alloy can vary without 
changing the identity of the substance. For example, the proportion of carbon in 
steel ranges from traces to about 2%. In addition, the components of alloys retain 
many of their original properties. All these characteristics ar&typical of mixtures. 


Properties of alloys 


In pure metals, all the cations,in the metallic lattice arethe same size. When a 
force is applied, the layers of cations slide past each other easily. 


While malleability isa useful property of metals, sometimes we require a metallic 
structure to be)stronger. Alloying involvesithe addition of atoms or ions with a 
different radius to the cations of the pure metal, which disrupts the regular structure 
ofthe lattice. When anmalloy isstruck with a force, the layers of cations do not slide 
past each other as easily. Therefore, alloys are usually stronger than pure metals. 


iron 
alloy 


Practice questions 


4. Mean electronegativity and 
difference in electronegativity 
values for different bonds.are 
shown below. Outline the 
properties you would expect a 
compound with these bonds to 
have. 


am, Y= 2.9 and Ay =1.4 
b.) z= 1. 9and Ay =0.3 
Cay Y= 2.3 and Ay =N9 


In Strueture 2 3 we discussed 

how metallie’structures contain 

a lattice of cations in a sea of 
Wdelocalized electrons, and the fact 
i that bonding between the cations 
) andglectrons is non-directional. 

This accounts for the malleability 
of metals. 


Figure 8 In pure metals, the ions 
are packed in a regular pattern, 
whereas the addition of another 
element to form an alloy disrupts this 
arrangement, reducing the malleability 
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(a) 


Examples of alloys 


aK is a sodium-potassium alloy that has a lower melting point than its constituent 
elements, so it is a liquid at room temperature. Because of this, NaK is used as a 
nuclear reactor coolant, which is non-volatile and can be pumped as any other liquid. 


emory metals are alloys that return to their original shape upon heating. They 
are used to make objects that are prone to being deformed through use, such as 
spectacle frames. 


ron is an abundant metal in the Earth's crust. Pure iron canbe deformed relatively 
easily. This limitation can be overcome by alloying it with carbon to create steel. 
Steels are harder and stronger than pure iron, making them ideal for a variety of 
uses ranging from construction to tools. There are many.varieties of steel, each 
containing different amounts of carbon andvother elements. 


Like iron, steel rusts in the presenceofwaterand elemental oxygen, O5~Rusting 
is problematic because it transforms iron into hydratedironi{II), oxide..This is an 
ionic compound, so it does not have the valuable properties of metals. Rust also 
flakes off easily, lowering thewolume ofmetal and exposing the iron underneath 
to further corrosion. 


The degradation of objectsymade from iron and steel has economic implications. 
Large steel-containing structures (for instance, ships and bridges) need to be 
protected from rusting to preserve their physical integrity. Rust protection 
methods include barrier methods (such as\painting and oiling) and sacrificial 
methods\such as galvanising). 


Stainless steels are iron alloys that.contain at least 11% chromium. The chromium 
reacts with’oxygen in the air or water to form a thin layer of chromium oxide on 
the surface of the steel. This chromium oxide layer prevents rusting, and therefore 
stainless steels have.useful applications in cooking and medical-grade equipment. 


(b) 


A Figure 9 (a),The Eiffel Tower in Paris, France, is made of iron. It is painted every few years to protect it from rusting. The painting 
process itself lasts several months (b) Adding chromium to steel creates stainless steel, a rust-resistant alloy suitable for kitchen equipment 


Structure 2.4 From models to materials 


Relevant skills 


Steels that are made up of 0.3% to 0.6% carbon by mass 


are k 
stee! 
givin 


nown as medium steels. The hardness of medium- 
samples with varying carbon contents were tested, 
g the results shown in figure 10. 


Hardness values (units: HV) were determined using a 
method known as the Vickers hardness test. Harder 
materials have greater Vickers hardness values. 


600 


400 5 


200 4 a 


ardness, HV 


IL 
ita 


A Figure 10 Graph showing the hardness of carbon-containing 
steels. Source of data: Calik, A., Akin, D., Sahin, O. and,Ucar, N. 
(2010) “Effect of Carbon Content onthe Mechanical Properties 
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of Medium Carbon Steels”, Z. Naturforsch. 65a, 468-472 


Bronze is an alloy of copperand tin. It is harder thamypure copper and resistant to 
corrosion. Before steel became common, bronzewas used in shipbuilding, tools 


and va 


Brass is a,highlymalleable alloy of copperand zinc. It is used to make musical 

instrumentsidue to its acoustic properties. The copper in brass has antimicrobial 
properties, which iswhy it is often used to make door handles in public buildings 
such as hospitals. 


rious household artefacts including coins. 


nquiry 1: Demonstrate independent thinking, 
initiative or insight 

nquiry 1: Formulate research questionsiand 
hypotheses 

nquiry 2: Interpret graphs 

nquiry 3: Interpret processed, data and analysis to 
draw and justify conclusions 


Instructions 


ilk 


Research how 'the Vickers hardness test is performed. 


2. Basedionrthe information given, composearpossible 


research question that would be,answered by the 
data shown above? Make sure you include the: 


— variables 

— _ range of the independent variable 

— methodology 

— — specifiesystem being studied (in this case, 
medium carbon steels). 


3. Deserib@and explain the trend shown in the graph. 


4. Try to.think of atleast one alternative interpretation. 


5. Whatdo you think might happen to the hardness 


in. steels with carbon content greater than 0.55%? 
Outline your ideas. 


6. Outline an experiment that could be done to explore 


<4 Figure11 Old bronze 
coins from China 


your answers to questions 4 and 5 above. 


A Figure 12 An 19th century theodolite 
made of brass. This instrument was used 
for measuring angles 
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kills and social skills 


208 


The life cycle of a product involves the process and materials involved in its production, usage and disposal. The 
substances present undergo various transformations throughout (figure 13). Structure, as well as chemical and physical 
properties, determines many of the processes involved in a product life cycle. 


crushing the ore 


> ees, 
e 


mining the ore 


a’ 


rubbish to A ales recycle 
waste tip Ene on waste metal 
useful life 
recycle 
metal scrap metal 
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; W aN 
the metal 


manufacturing 
products from 
the metal 


A Figure 13 The life cycle of a metal 


In this task, you will work witha group to research theilife 
cycle of a particular product. You will alsOifeflect onthe 
collaboration skills involved. Work with one or two other 
people. > 
1. Collaboratively, choose one ofthe fellowing 

substances and products to investigate: 

— aluminium in an aircraft 

— iron inaship 

~ carbon ina plastic bottle. 


2. Briefly reflect on how you collectively reached a choice. 


3. Plan to)research the various stages of the product's 
life €ycle: | 
a. extraction of raw materials 
b. manufacturing 
c. use 
d. disposal. 


recycle, à 
scrap metal 4 


purifying the 
mineral 


crushed ore 


“= pure minéral 
~ 
r EN 


KL extracting 
the metal 
v n ~ metal ingot 
4. Consider 
— ifand how you will divide up the work within your 
team 


— how you and your team will share your findings 
with each other. 


Carry out your research. 


Prepare a visual representation of your research, 
depicting the life cycle of your product. Before 

you start, take a moment to reflect on how to take 
everyone's opinions into account when deciding how 
to represent your work. 


7. Share your work with your class. 


Individually, reflect on your role in your group, 
and identify one |B learner profile attribute that you 
developed during this task. 


Structure 2.4 From models to materials 


Practice questions 


5. Explain why alloys such as steel are harder than pure metals. 


6. Suggest why the electrical conductivity of an alloy is often lower than that 
of a pure metal. 


G Linking question 


Why are alloys more correctly described as mixtures rather than as 
compounds? (Structure 1.1) 


Polymers (Structure 2.4.4) 


Polymers are a class of covalently bonded materials characterized by their low, 
thermal and electrical conductivity, and low density compared to other types 
of materials. Polymers are macromolecules, which are very large molecules. 
Plastics and synthetic textiles such as nylon are examples of synthetic 
polymers. Natural polymers include fibrous materials like lignimand silk, as 
well as many of the biological molecules involved in life processes, such as 
DNA, starch and proteins. 


Long, covalently bonded polymer chains are made when small molecules 
called monomers join end-to-end (figure 15), like/lbeads strung together to 
create a necklace. This process is called polymerization. There are two typesof 
polymerization: addition and condensation. 


PE Lo  cedgvece 


A Figure 15 In)polymerization, monomers join.up to make a chain called 
a polymer. Here the small beads represent monomers and the resulting 
chain, the polymer 


Repeating units 


Atepeating unit is agroup of atoms that appears repeatedly along a polymer 
chain. The exact lengths of polymers can vary, so the best way to describe the 
structure of a polymer is withthe structural formula of the repeating unit. In the 


formula, the repeating unit is shown enclosed in large brackets with bonds drawn 


across the brackets, indicating that the polymer chain continues on either side. 


The subscript after the closing bracket represents the number of repeating units 


in.the polymer. A typical polymer contains hundreds or thousands of repeating 
units, SO n represents a very large number. 


A Figure 14 A digital model of 
polyethene terephthalate (PET), a 
synthetic polymer 
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Worked example 3 


A section of the polypropene molecule is shown below. 


Draw the repeating unit of polypropene. 


rit ba bot 
terri i 
H H H H H H H H 
Solution 


Looking at the section, you can see that there is a 
repeating pattern every two carbon atoms along the 
polymer chain. 


Therefore the repeating unit is 


When drawing a repeating unit, make sure thatthe 


connecting bonds on beth sides cross the bracketsalf you 
need to represent the whole polymer chain, donot forget 


to include the subscriptw.to signify that the polymeris 
composed of many repeating units? 


ian Fal 
ry 4 
H H H |, 
5 5 = ea 
Practice questions @ t,\ ~AN id 
7. Draw the repeating unit for each of the polymersections shown. 
= H H H b; HOH HUH H H 
bi tt td | | y | | | 
C—C—C—C—C—€ i G i | 5 ii f 
L L o 
CI Cl Cl H h; Hi» CH3 CH5 CH3 
"a H OH ČhH2OH H [OH CH20H H OH 
H “Oe 
/OX/OH" H H OK /OH h H O\/OH H 
H O/\OH H H O/\OH H H o” 
H » M O H H 
CA53OH HA, OH CHyOH H OH CH2OH 


8.4 The-structure of poly(phenylethene), also known as polystyrene, is shown below. 


CH=CH 


s n 


Draw a section of the polymer showing three repeating units. 


9. The structure of nylon-6,6 is shown below. Draw a section of the polymer showing two repeating units. 


o 
| 


O 


NH (CH2)6 NH C (CH2)4 


G 


n 


Structure 2.4 From models to materials 


The structure of the repeating unit originates from the monomer used to make the 
polymer. As a result, some polymer names are monomer name in brackets, with 
the prefix poly-. However, many natural polymers have unique names that do not 
refer to the monomer. Similarly, many synthetic polymers names are referred to by 
their commercial brand names. Can you think of any examples? 


Polymers can be classified according to their source (natural or synthetic), or type of 


polymerization reaction undergone by the monomers (addition or condensation). 


Some examples are shown in table 5. 


Repeating unit Examples of | Naturalor Type of 
uses synthetic? polymer 
cis- ,4- CH2 CH2 balloons, elastic | natural addition 
polylisoprene) X / bandspcar tyres 
(natural rubber) paR (vulcanized 
HaC Y rubbef) 
polyethene H oH carrier bags, synthetic addition 
| | packaging, cable 
| $ insulationptoys 
H H 
cellulose OH cell walls, paper, | natural condensation 
cellophane 
O 
O 
HO 
OH 
Kevlar H O sports synthetic condensation 
| | equipment, 
N N i C personal armour 
H O 
i 


A Table 5 Examples of polymers 


Figure 16 Kevlar was first synthesized by Polish-American 
chemist Stephanie Kwolek. Over 3,000 saved lives have been 
directly linked to the use of Kevlar in bulletproof vests and 
anti-stab clothing. Kwolek remarked, “I don’t think there’s 
anything like saving someone's life to bring you satisfaction 
and happiness.” 
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LW OHO 


OH 


A Figure17 Cotton, made up of 
cellulose, is a natural polymer 


OH 


A> Figure 18 The repeatingwunit of starch 


Properties of polymers 


n general, polymers are strong, because of their macromolecular nature. Like 
most covalent materials, they do not contain moving charged particles, so their 
hermal and electrical conductivities are also low. 


Though molecular, polymers have relatively high melting points and boiling 
points. This is due to the number of intermolecular forces that occuralong 

he length of the polymer molecules. The long polymer strands can also'wind 
around each other and become entangled, requiring energy to disentangle and 
separate them. 


The specific properties of a polymer depend on its chain length, the typeof 
orces holding the chains together, the type of monomers and the way,these 
monomers are arranged. 


any biological molecules, including,proteins, carbohydrates and nucleic acids, 
are natural polymers. Some provide structure to living,organisms, while others 
support life processes. Starch is å natural polymer that acts as an energy store in 
plants. Others include collagen, whichgives our skin structure and elasticity, and 
DNA, which houses an organism's genetic information. 


Cellulose is a carbohydrateand a natural linearpolymer of glucose. Plants make 
glucose through photosynthesis. Cellulosejis found in cell walls. It supports 
ibrous structures such as cotton, as well.as stalks and tree trunks. You can see the 
repeating unit of cellulose in table 5. 


The présence of -OH grotips (hydroxyl groups) in cellulose means that the 
polymer. chains can form hydrogen bonds with one another. The resulting fibres 
are@uniquely strong and insoluble in water as well as many common solvents. The 
strength of cellulose makes itan important material for the structural integrity of 
plants. Humans have taken advantage of these properties by using cellulose to 
make paper, textiles, and other polymer materials like cellophane. 


Starch isthe main energy store in plants and is also a glucose polymer, like 
cellulose. However it has different properties: it is not as strong, so the chains can 
be broken down easily and digested by humans. The main difference lies in the 
Way the monomers are connected: the polymer chains in starch have an irregular 
branched structure. As a result, the polymer chains in starch cannot pack as 
tightly as in cellulose and therefore form fewer hydrogen bonds with one another. 


Synthetic polymers are humanmade. Many of them are petroleum-based, which 
means that they are derived from crude oil. Examples include PET bottles, nylon 
textiles, non-stick Teflon coating on pans and synthetic rubber tyres. Semi- 
synthetic polymers are derived from renewable biological materials produced 
by plants and bacteria. These polymers provide a sustainable alternative to crude 
oil-based polymers, and some have important biomedical applications. 


Practice questions 


10. Explain why polymers have relatively high melting points. 
11. Explain why polymers are generally electrical insulators. 


Structure 2.4 From models to materials 


<4 Figure 19 This artificial tissue was 
created from a mixture of living cells and 
semi-synthetic polymer. Tissues like this 
can be used in organ transplantation 


Plastics are synthetic polymers composed mainly of carbon and/hydrogen. 
They are often chemically unreactive, although they can catch fir®and sustain 
combustion. 


Poly(phenylethene), commonly known as polystyrene, is a widely used plastic 
found in packing peanuts and food containers. 


The structure of polystyrene is shown in figure 20. Ibis a non-polar hydrocarbon @ H EER C H 2 

and so it is insoluble in water. London dispersion forces (LDFs) hold the polymer 

chains together. These LDFs can be overcome by heating, so polystyrene can n 
be melted down and reshaped easily. On cooling, new LDFs can form between 


polystyrene molecules, so the polymer solidifies again. Bras! Thestructure of polystyrene 


Polystyrene chains cannobrotate easily due to the bulky phenyl groups (CsHs), 
making it brittle. Polystyrene is a good thermal insulator, particularly in its 
expanded form, so itis used to make coolers andiinsulating panels for the 
construction industry. 


London dispersion forces (LDFs), 


and the other intermolecular forces 
are discussed in Structure 2.2. 


One of the reasons plastics are useful.is that, due to their strong covalent bonds, 
they are. chemically inert and therefore durable. As a result, many plastics do 

not typically biodegrade. Biodegradation involves the breakdown of materials, 
by microorganisms, into small molecules. Polymers rarely contain reactive 
functionalygroups that could act. as bacterial binding sites. In some plastics, the 
polymer chains are covalently bonded together, which is known as crosslinking. 
A dense covalent network formed by crosslinking provides very few entry points 
for microorganisms, 


| Compare and contrast two of the polymers discussed in this topic. 
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Smart materials undergo a change in properties in 
response to surrounding conditions (such as pH, 
temperature or magnetic fields). Hydrogels are smart 
materials used in a range of industrial and biomedical 
applications. They are made up of crosslinked polymer 
networks that can absorb and hold water, causing the gel 
to swell. In this task, you will investigate the response of a 
hydrogel to variations in the surrounding conditions. 


The hydrogel chains contain numerous carboxyl groups. 
In acidic media, these -COOH groups form hydrogen 
bonds with one another, causing the hydrogel to contract 
(figure 21). In basic environments, they become ionized, 
forming carboxylate ions, -COO™. The negative charges 
on neighbouring carboxylate groups repel each other, 
making the hydrogel swell. 


Relevant skills 

e — Inquiry 1: Justify the range and quantity of 
measurements 

e Inquiry 2: Interpret qualitative and quantitative data 


Safety 
Wear eye protection. 
Materials 


e Commercially available soft contactlenses 
(manufactured from poly(2-hydroxyethy| 
methacrylate-co-methacrylic acid)) 

* Contact lens buffer solution 

* Sodium chloride 

e Weak acid solution(fonexample, household. vinegar) 

e Weak base solution (for example, sodium 
hydrogencarbonate0:06 mol dm) 

e Distilled water 

* Standard laboratory equipment ineluding petri 
dishes, beakers, pipettes and balances. 

* A Ruler 


Instructions 

Part 1: The effect of pH variations on the hydrogel 

]. Prepare three clear shallow dishes, such as petri 
dishes, each containing one of the following: 
— contact lens buffer solution 
— weak acid solution 
— weak base solution 

2. Place the dishes on a white’surface. 

3. Place a contact lens in the firstdish and measure its 
diameter. (If it is difficult to see, it might be inside out. 
Reverse it and'tryagain.) 


4. Placescontact lenses in the othertwo dishes and note 
any changes indiameter. 

5. Swap the contact lenses in the acidic and basic 
solutionsand observe what happens. Are the 
changes reversible? 

Part 2: The effect of salinity variations on the hydrogel 

6. “Repeat the Part 1 experiment, using these solutions 
instead: 

— contactlens buffer solution 
— distilled water 
— — saturated sodium chloride solution 

You ean_reuse the Part 1 lenses, provided they are not 

damaged. 

Zp Describe your results. 

8. Propose a hypothesis to explain the observed results 
of the Part 2 experiment. 

9. Devise an experiment that you could do to test your 
hypothesis. Identify the independent, dependent 
and control variables. What measurements would 
you make? Justify the range and quantity of these 
measurements. 


acid form 


hydrogen bonds 
between carboxyl 
groups cause 
hydrogel to contract 
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base form 


electrostatic repulsion 
between carboxylate 
groups causes hydrogel 
to expand 


A Figure 21 Interconversion between -COOH groups and -COO groups associated with the pH adjustments 


Polymers and the environment 


After reduction and reuse, recycling is the third approach for mitigating the 
environmental impact of plastics. Plastic recycling poses several challenges. 

The process is energy-intensive: plastic waste musbbe sorted and cleaned 
beforehand. It then needs to be broken up and,melted, which prevents some 
plastic types from being recycled becauseithey release atmospheric pollutants 
on heating. Unlike glass and aluminium), where'the quality is largely unaffected by 
recycling, plastics often deteriorate when they are recycled. 


As a result, most plastic waste is not recycled and is instead incinerated or 
disposed of in landfills. Much of discarded plastic ends up in the oceans, where it 
persists and poses a risk to wildlife. 


The challenge, and an area of growing interest, is designing plastic materials that 
are durable enough to be used for a certain period of time but biodegradable 

in the longerterm. Work is also being done to find ways to make existing 
petroleum-basedplastics more appetizing feedstock for microorganisms. 


Biodegradable plastics facilitate bacterial action by having increased surface 
area, shorter polymer chains, omfunctional groups that are attractive to bacteria 
orlight-sensitive. Fonexample, plant-based hydro-biodegradable plastics 
contain carbohydrates that are broken down in a process called hydrolysis. Care 
must be taken to dispose of them in conditions that provide enough oxygen for 
bacterial action. In low oxygen environments found in landfills, decomposition 
can slow down or even produce environmentally harmful products, such as the 
greenhouse gas methane. 


A Figure 22 Discarded plastics can 
end up in the ocean. The cold and dark 
ocean environment slows down plastic 
degradation 


Greenhouse gases are discussed 
at AHL in Structure 3.2. 


A Figure 23 A scanning electron 
micrograph of starch granules 
embedded in a biodegradable plastic 
carrier bag. The starch absorbs water 
and swells up, providing greater surface 
area for bacterial action 
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The 12 green chemistry principles emphasize 

the benefits of non-hazardous chemicals and 
solvents, efficient use of energy and reactants, 
reduction of waste, choice of renewable materials, 
use of biodegradable materials and prevention of 
accidents. The philosophy of green chemistry has 
been adopted by many educational and commercial 
organisations and eventually passed into national and 
international laws. 

Plant-based biodegradable plastics, or bioplastics, 
are aligned with two principles of green chemistry: 
use of renewable feedstocks and designing materials 
to be biodegradable. Most plastics are petroleum- 
based, so their feedstock is non-renewable. The 

raw materials for bioplastics are renewable, such as 
maize. Even though plastic biodegradation releases 
carbon dioxide, plant-based polymers are sometimes 
considered carbon-neutral because the same quantity 


of carbon dioxide is removed from the atmosphere by f>» 

the biosynthesis of monomers in plants. A Figure24 These bioplastic samples were made from 

To evaluate the environmental impact of a product, household food waste suchas banana peel, onion skins and even 
you have to consider many factors. For example, pineapple crowns 


growing maize for plant-based plastics uses land that 
could otherwise be used to grow other crops, which can potentially cause food shortages. Additionally, farming maize 
may require fertilizers or pesticides, which have their own associated environmental implications. 


Microplasticsare very'small fragments of plastic, broken down over time to sizes 


Practice questions under 5 mma his process is not the same as biodegradation because the plastics 
12. Outline two challenges remain chemically unchanged. Because of their size, they can enter the food 
associated with reeycling plastic chainand find their way into unexpected places. In 2022, microplastics of PET, 
waste. polystyrene and polyethene were discovered in human blood for the first time. 
13. Outline tworstructuralbfeatures of | Their health impact of microplastics is still unknown. 
biodegradable plastics. 


> Figure 25 Electron micrograph showing 
microplastic polyethene particles, known 
as microbeads, ona single red blood cell. 
Microbeads are sometimes added to health 
and beauty products, but this use is now 
banned in many countries 
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Addition polymers (Structure 2.4.5) 


During polymerization, monomers combine together to form a polymer. One 
way this can happen is addition polymerization, which involves monomers that 
contain a double bond. The double bond breaks and the two electrons form a 


covalent bond with another monomer. Because of the change in bond order, and : ) 
due to their extraordinary length, polymer molecules have quite different physical 
and chemical properties than their corresponding monomers. 


Ethene, C,H,, is the simplest alkene. It polymerizes to form polyethene. Consider 


two ethene monomers: ae 
H H H H 
\ i 

i? ws 


A 
\ 73 4% 
H H H H 
(d 
The electrons in their double bonds open up... 

H oH H ç Ħ C l 


EE 


H H H H ) 
.. and these electrons are shared between Pya) © 3 to fo 
single bond, joining the monomers DAT O 

iio oid 

f (S C=C Y 


N 
w 
ES 


H H H 


Now imagine a =a ia av on ethene 


monomers: 


y 
| | H H g 
SA j \c= A 
H / 
y k H Š u 
A Fa =~ "he cath 
H c= 
H ] ‘a 
| H 
LILII TI ITa] 
T7rtrrrrrtriritriret 
H H H H H H H H H H HH HH HH 
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(a) C 


C= 


n 


H 
% 
/ \ 
H H 


We can simplify the equation for the addition polymerization reaction using n to 
convey that there are a very large number of monomers: 


H H 


ff 
H 


I= 


H 
© Pi l 
n = —> — 
\ | 
H H P 


We can also use condensed structural formulas: 


n HC =CH —> —ECH2CH)-}- 


Any monomer that contains a carbon-carbon double bond can undergojaddition 
polymerization. Polyvinyl chloride, PVC isa polymer made fromchloroethene 
molecules. Its IUPAC name is poly(chloroethene). Every other'carbon in the 
resulting polymer has a chlorine substituent, The carbon-chlorine bond is polar, 
which results in dipole-dipole forces between the polymer chains, unlike in 
non-polar polyethene where only.London dispersion forces are present. PVC is 
therefore the stronger of the two polymers. 


H cl (b) 4 tH; H CH3 

a, \ 2: gi 
—_—_ ON n — —_—_ a 

| ry \ | | 

Ry H Jn H H H H |n 


A Figure26 Addition polymerization reactions to form,(a) poly(chloroethene) and (b) polypropene 


TOK 


Structure 2.4 illustrates the difference between science and technology, and 
the changing relationship between these two disciplines over time. Science is 
concerned with observing and understanding the physical and natural world. 
The focus in technology is the practical application of scientific knowledge. 
lathe past, technological developments preceded scientific knowledge. 
People used and developed materials for centuries before understanding the 
underlying reasons behind the materials’ observable properties. Empirical 
observation of early technologies contributed to scientific understanding of 
how and why they worked. Nowadays, the scientific research often occurs 
first. Desirable properties for a particular application are identified, and then 
the required materials are engineered using scientific knowledge. 

What is the role of empirical observation in science and technology? 
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Practice questions 


14. For each of the following monomers: 


i. draw a section of the polymer containing three repeating units 
ii. deduce the structure of the repeating unit of the polymer. 


a. tetrafluoroethene 


b. acrylonitrile (prop-2-enenitrile) 


H CN 
| | 
C=C 
| | 
H H 


c. but-2-ene 


H H H H 
were 
HOA 
15. For each of the polymer sections shown: 
i. deduce the structure of the repeating uni 


& 


ii. draw the structure of the monomer. 
= CH CH3 
| | 
z —CH2— CH H2 —CH— CH2 


K H AN 5 H 
Æ 
of Socks 


. Compare rast ethene and polyethene in terms of their structure, 
an oint and electrical conductivity. 


b. Y 
@ 
H Cc 
AT NT 
c#—c c—c— 
O i 
CH3 


@ Linking questions 


What functional groups in 
molecules can enable them to 
act as monomers for addition 
reactions? (Structure 3.2) 


Why is the atom economy 100% 
for an addition polymerization 
reaction? (Reactivity 2.1) 
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Condensation polymers (Structure 2.4.6) 
Condensation polymers, which include nylon and cellulose, are produced in a 
reaction between monomers that have reactive functional groups on either end. 
For every bond formed between two monomers, a small molecule is released (for 
instance, water or HCI). 
P Figure 27 Slacklining is a practice 
in balance that typically uses nylon 
webbing tensioned between two anchor 
points. Nylon is a condensation polymer 
Esters are formed in a condensation reaction between an alcohol and 
a carboxylic acid (figure 28)nin'this reaction, the hydroxyl and carboxy! 
functional groupsform an ester linkage, and a water molecule is released. This 
condensation feactionis-known as esterification. 
H O H H H O H H 
W 1-------- 3 e-; Lol conc. H2SO4 Lod Lod 
lace cid + ee ar ee os + H—-O 
H porns H H H H H H 
ethanoig acid ethanol ethyl ethanoate water 
A Figure 28 Ethyl ethanoate, an ester, is formed in the condensation reaction between ethanoic acid 
and ethanol 
f 
| 
h as The reactions used to make condensation polymers are similar to esterification: 
structure a r ies of : : $ 
i j two functional groups react to form a linkage, and a small molecule is released. 
esters further in : ian : : : 
Sie However, in polymerization, the reacting monomers have two reactive functional 
X ~ groups, one at each end of the molecule, which allows a polymer chain to form. 


We will look at two examples of how this can happen. 
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Condensation between two different monomers 


One monomer with the same functional group at either end can react with 
another monomer with a different functional group at either end. This creates 

a polymer of alternating monomer structure: for example, if monomer A reacts 
with monomer B, a polymer with the pattern ABABABAB is formed. The general 
reaction between a dicarboxylic acid monomer and difunctional alcohol (diol) 
monomer to form an ester linkage is shown in figure 29. 


O O <4 Figure29 A condensation 
ll ne reaction between two monomers 


HO— C-E- C — OH HO-FOH to form an ester 


Oo iO} 

i ‘tt 
HO— CHE C= O- MF OH + H20 

J 


Ester linkage 


The product molecule in figure 29 has two reactive ends that can subsequently 
react with more monomers (figure 30). This forms a long polymer chain with 

an alternating pattern based on each monomer structure, with each monomer 
joined by an ester linkage. The resulting polymer product is called a polyester, 


= 
<= 
< 
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Oo O <4 Figure 30,A generalized condensation 
ll ll réaction to make a polyester, where n is 


n HO—C-EEFC—OH + n OTE OH the number of monomer pairs involved and 


the length of the resulting polymer chain 


O fe) 
I I 
C-C- OFF + «2n HO 


n 


The polymernylon-6,6 is produced in the;condensation reaction between 
hexanedioie acid and hexane-1,6¢diamine (figure 31). The product is known as a 
polyamide dueto the multiple amide linkages formed during the condensation 


process. 
H Hao O H H Q O 
N A N Í \ 7 NN a 
N — (CH2) SN yo eHe N= CH2 —N Cayo 
Av SA HO "i H H HO“ NOH 
a (CH2) ae (CH2) un (CHa) N “a (CH2) 
—(CH2)6— 2)4 = (CH2) = 2)4 
Z ` B a Ne? 
O O O O 
+ H20 + H20 + H20 + H20 


A Figure 31 The formation of nylon-6,6. The repeating unit is shown in green 


> 
a, 
= 
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OH O 


OH 
CH3 


A Figure 32 The structure of the 
3-hydroxypentanoic acid monomer 


> Figure 33 The formation of a 
polypeptide chain 


Condensation of the same monomer 


If there is a different functional group on each end of a monomer, then it can 
polymerize with itself by condensation. For example, 3-hydroxypentanoic 

acid (figure 32) contains both a hydroxy! group and a carboxyl group. Multiple 
monomers of 3-hydroxypentanoic acid can react with one another to,form 

a polymer. 


Proteins are biopolymers that play a central role in metabolic progesses;transport 
and sensory functions, structural integrity, and virtually all other molecular aspects 
of life. Proteins are polypeptides, which are polymersmade up of monomers 
called 2-amino acids. There are 20 types of 2-amino acids used by living 
organisms as building blocks of proteins. 2-amino acids have an -Nħiz group 

and a -COOH group, so they can form amide linkages With each otherthrough 
condensation polymerization. In a polypeptide, the amide link is also known,as a 
peptidebond: o 


I 
H 


amino acid molecules 


(where R4 , R2 , R3 etc. represent polypeptide 
any of the 20 or so groups (part of) 
found in naturally occurring amino 

acids) 
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Figure 34 shows the 3D structure of lysozyme, the natural antibacterial enzyme 
contained in saliva, milk, mucus, tears and egg whites. The carbon atoms are 
shown as white, the oxygen atoms are red and the nitrogen atoms are blue. 
Can you find any amide linkages? 


oes 


Practice questions ki 


aN 


17... Draw the repeating unit.of a condensation polymer made from 
3-hydroxypentanoie. acid (figure 32). 
“78. ‘Outline two. differences’between addition and condensation 
polymerizationé 
“19. Identify the type of polymer made and the small molecule released when 
monomers containing these functional groups form polymers: 
a” A hydroxyl group, -OH, anda carboxyl group, -COOH 


b. \Avcarboxyl group, -COOH, and an amino group, -NH2 


c. © Two hydroxyl groups, -O 


d. An acyl chloride group, -COCI, and an amino group, NH2 
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Hydrolysis 


The reverse of condensation reactions is called hydrolysis, where the linkage 

formed by condensation is split up by a molecule of water. All biological 

macromolecules form by condensation reactions and break down by hydrolysis. 
one 


Figure 35 shows how monosaccharides are polymerized via condensat 
formed again by the reverse hydrolysis reaction. Note the two oh 
glyc 


monosaccharides are hydroxyl groups, which form polymers idic 
linkage. Polysaccharides make up carbohydrates, which ar as energy 
sources and energy reserves in living organisms. A 
CH20H CH20H 
H H H O H 


Q 
ea CHW 4S 
condensation H20 y 
r added 


(water removed) ) 
CH20 
H 
6 disaccharide 
e.g., maltose, sucrose, 
H 


lactose 


CH2OH CH2OH 


O O H 
polysaccharide 
e.g., starch, glycogen 
p z OH 


ensation and hydrolysis of monosaccharides, the polymers that make up 
. Some —OH groups are omitted for clarity 


Water is often referred to as the ‘molecule of life’ due to its vital role in 
biological reactions. For this reason, NASA scientists have been searching 


a\ for water on Mars, as the presence of water is thought to be required for life 
forms to exist. 


What functional groups in molecules can enable them to act as monomers for 
condensation reactions? (Structure 3.2) 
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End-of-topic questions 


6. Which of the following pairs of molecules will not 


Topic review 
react to form a polymer? 
]. Using your knowledge from the Structure 2.4 topic, A. 


H 
answer the guiding question as fully as possible: 7 2 AE 
What role do bonding and structure have in the design OH angi OH 
of materials? 
Chl @H3 
Exam-style questions aH 


Multiple-choice questions 


2. Calculate the mean electronegativity, y, and 


electronegativity difference, Ay, for the bonds found in H 
lead(ll) bromide, PbBrz. and 
x (Pb) = 1.8 and x (Br) = 3.0. O Q 


Mean Electronegativity / \ 
electronegativity, y difference, Ax HO OH 
A 4.2 2.6 
pl e T OA E H 

$ on | le a-c -—CooH 

D H2 1 2.4 

; ; ; CH 

3. Which of the following substances has properties of 
both ionic and covalent compounds? Refer to the 
triangular bonding diagram and.the’electronegativity 
values below. 
> 
_ Element OOA S Ag Br 
Electronegativity 00K: | 0.8)40/1.612.6|1.9|3.0 and 
H 
As Nak, asodium-potassiumalloy 
B.. Caesiumfluoride, Csh H2N —C— COOH 
C. Zinesulfide, ZnS 
DimBromine, Br, CH2 
4a Which of the following mixtures is an alloy? SH 
A. sodium chloride and water 
B iromandivanadium È j j i Va 
C. earbon fibre and a polymer H—C—C—C—O—-H and H—C 
D. magnesium and chlorine | | | \ 
H HH O—H 


5. Which of these substances does not have the ability to 
polymerize? 
A. ethane, CHCH; 
tetrafluoroethene, CF2CF2 


B. 
C. propene, CH;CH 
D 


CH; 


propenenitrile, C 


H2CHCN 
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Extended-response questions 
7. Tin(ll) chloride has a melting point of 247 °C while 


lead(ll) chloride has a melting point of 500°C. Both are 


used in the production of aurene glass, an iridescent 


artisan glassware. One of these two substances exists 


as discrete molecules in the vapour phase. Using 
electronegativity tables and the triangular bonding 
diagram, identify that substance and explain your 
reasoning. 


8. Aluminium chloride, AlCl;, forms white crystals with a 
low melting point and boiling point. 


a. i. Calculate the mean electronegativity and 
electronegativity difference values for 
aluminium chloride. 


ii. Explain, with reference to the triangular 
bonding diagram, why aluminium chloride 
displays characteristics of both covalent and 
ionic substances. 


b. Draw the Lewis formula for aluminium chloride. 


c. Using your knowledge of VSEPR theory, deduce 
the molecular geometry and bond angle of 
aluminium chloride. 


d. Aluminium chloride is often found as thedimer 
AbCle. 


The dimer contains 

two coordination bonds, 
Outline the meaning 

of the term 

coordination bond, 


1] 


ii. ° Determine the formal charges 
of the atoms,in the aluminium 
chloride dimenabove. 


9. Explain whyalloys are generally stronger than pure 
metals. Include adiagram in your answer. 


[3] 


[2] 


m] 
[2] 


[2] 


10. 


Chloroethene can react to form a polymer known as 
poly(chloroethene). The structure of chloroethene is 
shown below. 


H H 
Sf 


a. Identify the structural feature of chloroethene 
that allows it to forma polymer 


b. State the name.of this typeof polymerization. M] 
c. Draw the repeating unit of the polymer, [2] 
The mean molecular mass of theyolymer chains 

in a sample of poly(chloroethene) is found to be 

69,000 g mol". 

d> Deduce the mean number of repeating units 
per polymer chain. State your answer to two 
Significant figures! [2] 

e. The melting point of chloroethene is -154°C, 
whereas thesmelting point of poly(chloroethene) 
is around 210°€_Explain this difference in 
melting points. [2] 

l Polylacti@acid (PLA) is a bioplastic made from 
renewable feedstocks such as sugarcane and maize. 

It is broken down by microorganisms under high 

temperature and high humidity conditions. 

i 
nHO—CH—C—OH 
| 
CH3 
2-hydroxypropanoic (lactic) acid 
eg v 
i 
-+0O—CcCH— C- + nH20 
| 
CH3 
i n 
polylactic acid (PLA) 

a. Deduce why PLA is more susceptible to bacterial 
action than petroleum-based plastics such as 
poly(propene). [2] 

b. Outline two advantages and two disadvantages 
of bioplastics such as PLA. [4] 


= 
a 
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12. Kevlar is a high tensile-strength polymer first 
synthesized in 1964 by chemist Stephanie Kwolek. 
The structure of Kevlar is shown below. 


© 


a. Identify the amide linkage in Kevlar. 


Draw the structural formulas of the monomers 
from which Kevlar is made. 2) 


c. State the formula of the other compound produced 
when Kevlar monomers polymerize and state the 
name of this typeof polymerization. 


L: 


d. Kevlar chains are attracted to oneanother through 
hydrogen, bonding.Identify which features of Kevlar 
allow hydrogen bonding to oéeulr. ] 


e.f Draw a diagram showing hydrogen,bonds 
between two adjacent Kevlar polymer chains. 2 


13. The repeating units of polymers A and B are 
shown below. 


CH— CH2 

polymerA 

® Wr H O 
E 1 F i, il 
IIKO wirine 
\ H j 4 

polymemB. 


aw, Foreach polymer, state whether it is an addition 
er condensation polymer, 


p] 


For each polymer, deduce and draw the structural 
‘ormulas of itSimonomer(s). [3] 


JA. Two condensation monomers are shown below: 


nN, ee 
Ùc CF HoN NH> 
Ye \ 

Cl E| 

a Draw the repeating unit of the resulting polymer. [2] 


b. Deduce the formula of the inorganic product 
formed in the polymerization process. 


p] 
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Ry 


How does the periodic table help us to predict patterns and trends in the me 


One of the ways we can classify matter is based on what The increase and decrease of cettain properties closely 
we use it for. For example, motor oils can be classified correlates with the position of elements across the periods 
according to their viscosity, because they are used for or down the groups of the)periodic table. These patterns 
different purposes depending on how thick they are. So, and trends in the periodic table can be deme? viSually 
how can we classify the elements? with graphs. 


Understandings 


.1.1—The periodic table consists of period wy; \ J 

Structure 3 e periodic table consists of periods, s 1. 7 A eS E = 
groups and blocks. : = 
Structure 3.1.2—The period number shows the outer 
energy level that is occupied by electrons. Elements in a 


group have a common number of valence electrons. 4 


Structure 3.1.3—Periodicity refers to trends i in prope 


of elements across a period and down a arùn,“ menis can be eyaleimeciloytne 


$ ive ionization energies are close 
Structure 3.1.4—Trends in properties of elements down a 


group include the increasing metallic charaéter r of Jfoup ] i 


elements and decreasing non- lie haracte? ofgroup | S 1o Transition clement complexes are 
j d due to the absorption of light when an electron 
17 elements. A x y y 


is promoted between the orbitals in the split d-sublevels. 
Structure 3.1.5—Metallic andihon- metallic propertie, f 


y N The colour absorbed is complementary to the colour 
show a continuum. This includes theténd from basié WY observed. 


metal oxides through amphoteric to acidic non Ri D 
oxides. Ny @ 
Structure 3.1.6—The ‘Gxidation state isa Aùmb = 
assigned to an mto s show the nuriser of electrons 
transfetredcyin oming ’ bond. It isthe > charge that atom 
would Vea > paie wefe i Camnposed of ions. 


[ 


A 


N ; Á Periods, groups and blocks in the periodic 
a Yy table (Structure 3.1.1 and Structure 3.1.2) 


- The periodic table consists of horizontal periods and vertical groups. The 
y i periodic table is also divided into four blocks: s, p, d and f. Elements are 
` organized into these blocks according to the arrangement of their outermost 
L A valence electrons. For example, elements in groups | and 2 have their outermost 
i valence electrons in the s sublevel, so these are in the s-block. The blocks are 
shown in figure 1 on the next page. 


; We can also classify elements in the periodic table as metals, non-metals and 
You can find a detailed version of i . 
shes metalloids. Metals generally have three or fewer valence electrons, which are 
the periodic table at the back of f ‘ : . 
; delocalized and thus contribute to metallic bonding (Structure 2.3). Non-metals 
this book. : f 
usually have four or more valence electrons which are not delocalized. 
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s-block —————————————_ main-group elements —————————————_ p-block 


transition elements 


d-block 


A Figure] Thes, p, dand f blocks of the periodic ta 


n-metallic behaviour. They can form both 
Group name iOni considered to be metalloids are usually 
i9-zag in figure 1. Metals are to the left of the 
-metals are on the right. 


Group 
number(s) 


alkali metal 
x 


ble are numbered from 1 to 18. Elements in some 
llective name, which are summarized in table 1. 


groups n 
@ 


Peri ered from 1 to 7. The period number corresponds to the 
nci antum number, n, of the outermost electron sublevels for elements 
in this period. For example, elements in period 2 have n= 2, and their valence 
le 


ns are found in the 2s or 2p sublevels. 


ements in the same group all have the same number of valence electrons. For 
groups | and 2, the group number is equal to the number of valence electrons. 
For example, elements in group 1, the alkali metals, all have one electron in their 
valence sublevel. For groups 13 to 18, the last digit of the group number is equal 
to the number of valence electrons. For example, elements in group 15 all have 
five valence electrons. 


You can use this information to deduce the electron configurations of elements. 
This is straightforward for periods 2 and 3. Consider phosphorus: being in period 
3 means that n= 3 for the valence sublevels, and being in group 15 means that 

it has five electrons in these sublevels. You can use the symbol of the previous 
noble gas to represent the inner electrons to give the condensed electron 
configuration: 


[Ne] 3s? 3p? 


230 


Structure 3.1 The periodic table: Classification of elements 


With period 4, we need to take the 3d sublevel into account, which fills after the 
As sublevel and before the 4p sublevel. The group number is equal to the total 
number of electrons occupying the 4s, 3d and 4p sublevels. Consider bromine: 
being in group 17 means that 17 electrons fill the outer sublevels. Two go into 4s, 
ten go into 3d and the remaining five go into 4p, so the electron configuration of 


Remember that s, p, d and f 
sublevels all have a different 
maximum number of electrons. 
Detailed guidance on hew'to fill 


en FAAS sublevels with electrons in 
bromine is [Ar] 4s? 3d” 4pë. o ec 


fj 


Imagine trying to learn chemistry without the periodic group 17 or a different “location altogéther? A second 
table. How many concepts are connected to this universal. example is the ongoing dis€ussion about Which ‘elements 


way of organizing the elements? How often do you refer belong to group 3zis it Sc, Y, La and Ac, or Sc, È Luand 

to it during a typical chemistry lesson? Lr? Where in the periodic table do you think hydrogen.) 
Classifying things and exploring their similarities, should be? De youl tik it matters? Vy i is sy purpose of 
differences and trends helps us to better understand classification®, f > 


them. Without knowing the order and patterns depicted 
in the periodic table, remembering and understanding 
the properties of all the known elements would be very 
difficult. By the mid to late 19th century, chemists had long 4 
been classifying elements according to their properties. gh 
Some had also put them in order of atomic mass and, © 
found certain patterns. Russian chemist Dmitri Mendeleev » 
developed an early version of the periodic system based 
on atomic masses of elements, which eventuallyled to the 
periodic table as we know it today. < 
Organizing the elements like thisafot ofily helped” 
scientists understand the properties’ of the elements 
known at the time, but the presence oftgaps i in i 
Mendeleev’s table also signalledìthe possible existence A l MES 
other undiscovered elêments. Gallitim, for example, was j } A 

fi 


“48 Se Fn 
not known to Mendeleev, but he had assigned an element ae iy aie ate Bis 
ow Pe s% 
with atomic mass of around 68 (near the scribbles at the EA wy 


centre of figure 2) and predicted some ofits propétties. } i DO ARE 


aed 
When gallium.was discovered, many Ofthese properties { sire T 
were Close'to Mendeleev’ s predictions.“ 3 cA 
i Ese RED Ip KRN Ó AERA Wr 
Classification of the elements is not Nays clear- cut. 
Forexample, you may have Giestioned the location of A Figure 2 Some of Mendeleev's notes leading up to his 1869 


y hydrogen ji inthe petiodi¢table. ‘Does it belong to group 1, periodic system 


G Linking question 


For the element positions described in a, b and c, use the periodic table at How has the organization of 

the bask of this book to deduce the following information: elements in the periodic table 
name of the element facilitated the discovery of new 
name of the group elements? (Structure 1.2) 

principal quantum number 

full electron configuration 


condensed electron configuration 


period 2, group 16 b. period3,group2 c. period4, group 8 
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atomic radius / 10712 m 
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T 
O 
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Periodicity: Trends in the periodic table 
(Structure 3.1.3) 


Elements are organized in the periodic table according to their electron 
structure. As a result, you can observe trends in the periodic table, which.helps 
you to make predictions about the chemical reactivity of elements. The study 

of trends in the periodic table is known as periodicity. Trends are observed 

for various properties going across periods and down groups, such as ‘atomic 
radius, ionic radius, ionization energy, electron affinity and electronegativity. 
You can graph these trends using the values for eachyproperty from sections 9 
and 10 of the data booklet. 


Atomic radius 


Figure 3 shows the atomic radii of atoms with increasing atomic number. 


10 20 30 40 50 60 
atomic number 


A Figure 3 Plot of the atomicradius against atomic number. The alkali metals have data points highlighted in 
red, the noble gases in blue, and the halogens in green 


From the start to the end of each period (from red to blue), the atomic radius 
decreases. This is because each successive element has an additional proton, 
and so a higher nuclear charge. The increased nuclear charge going across a 
period means that there is greater attraction between the valence electrons and 
the nucleus, causing the radius to become smaller with each additional proton. 
As the electrons are added to the same energy level going across the period, 
there is no increase in shielding by the inner electrons. 


The atomic radius generally increases going down a group in the periodic table. 
This is shown in figure 3 for the alkali metals (red dots). Although the number of 
protons increases, and therefore the nuclear charge also increases, the valence 
electrons are added to a higher energy level. This results in the outermost 
electrons being shielded from the attractive electrostatic force of the nucleus by a 
greater number of inner levels of electrons. 


Structure 3.1 The periodic table: Classification of elements 


The diminished electrostatic force experienced by a shielded valence electron is 
known as the effective nuclear charge, Zer- 


positively charged nucleus 


valence electron 


electrons between the 
valence electron and 
nucleus shield some of 

the positive nucléar charge 


A Figure 4 The concept of effective nuclear charge based on electron shielding 


lonic radius 


lons with a positive charge are called cations. To formacationyan atom loses 
one or more of its valence electrons, resultingjin more protons than electrons. 
Therefore, the effective nuclear charge is greatenfor cations, and the ionic radius 
is smaller than the atomic radius. This effectincreases with the charge magnitude, 
so larger positive charges lead to smallenradii. 


Groups 1, 2 and 13 tend to form cations, with the charge equal to the’ number of 
valence electrons. Therefore, these ions have noble gaselectron configurations. 
Similar to atomic radius, ionic radiusdecreases goingifrom group | to group 2, 
and from group 2 to group, 13, as the nuclear charge.increases. For example, Na* 
is larger than Mg?*, which is im.turn larger.than Als. 


lons with a negative chargelare called anions. To form an anion, an atom gains 
electrons to fillits valence sublevel, resulting in more electrons than protons. The 
force of attraction between the nucleus andithése additional electrons is smaller, 
and theionic radius is greater thanithe atomic radius. The greater the magnitude 
of negative charge, the largerthe ionic radius. 


Groups15;16 and W tend toform anions with the charge equal to the number of 
valence electrons minus eight. lonic radius decreases from group 15 to group 17, 
as the nuclear charge increases. For example, N* is larger than O7, which in turn 
is larger than Fx 


However,-going down a group, ionic radius increases for both cations and anions 
due to the increasing number of electron energy levels and increased shielding 
of the nucleus: This is similar to the trend for atomic radius. 
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© Data-based question 


Use the values from the data booklet 
to plot a graph ofthe ionic radii for 
the period 2 and period 3 elements 


against their atomic number. Try to 
explain the trends in your graph. 


omðiscontnuities in 
the trend of increasing ionization 


energy across a period, which are 
discussed in Structure 3.1.7 (AHL). 
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Figure 5 shows atomic and ionic radii for cations and anions. 
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220 


A Figure 5 Radii of cations are smaller than those of the parentatoms. Radii of anions are 
larger than those of the parent atoms 


lsoelectronic species have the same electron configuration. For example, Mg?* 
Na*, Ne, F and'O%all have the configuration 1s*2s*2p®. Because they are 
formed fromdifferent elements, with a different number of protons, their size 
varies depending on the ratio of protons to electrons (figure 6). 


QE) OS 


A Figure 6 All ofthese species have the same electron configuration, 1s? 2s? 2p°, 
but different sizes 


lonization’energy 


Asidiscussed in Structure 1.3 (AHL), ionization energy (JE) is the minimum energy 
required to eject an electron out of a neutral atom or molecule in its ground state. 


X(g) + JE> X*(g) + e7 


The first ionization energy ([E,) generally decreases down the groups of the 
periodic table. This is because the number of energy levels increases and the 
shielding effect becomes greater, so less energy is required to ionize atoms. 


Going across a period, the number of protons in the nucleus increases, so the 
outermost electrons are held closer to the nucleus by the increased nuclear 
charge. At the same time, the shielding effect remains nearly constant because the 
number of inner electrons does not change. Therefore, more energy is required to 
remove outermost electrons, so ionization energy increases across a period. 


The general trend of decreasing ionization energy down a group and increasing 
across a period is shown in figure 7. 
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© 


1500 
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A Figure 7 Plot of first ionization energy against atomic number for the elements from hydrogen to xenon 


Electron affinity 


Electron affinity (EA) is the energy released when an additional electron is 
attached to a neutral atom or molecule. 


X(g) +e —> X(g) + EA 


The more favourable this reaction is for a given element, the higher the electron 
affinity. The trend for first electron affinity(EA) in the periodic table going across 
a period is similar to that of ionization energy: the nuclear charge increases and 
so more energy is released when an electron is added. The general trend of 
increasing electron affinity across a period is shown ingfigure’s. 


3505 el 
i Br 
300 4 4 | 


250% A, Ss 
2004 Nes ji i 


1504-4 = 


AS A | 7 


electrorvaffinity / k)'mol | 


atomic number 


A Figure 8 Plot of first electron affinity against atomic number for the elements from hydrogen to krypton 
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US chemist Linus Pauling 
introduced the definition of 
electronegativity described 

here. Pauling was also the first 
person to win Nobel Prizes in two 
different categories. In 1954, he 
was awarded the Nobel Prize in 
Chemistry for his work on chemical 
bonding and structure. Eight years 
later, he won the Nobel Peace Prize 
for his opposition to weapons of 
mass destruction. 

What role can scientists play in the 
promotion of peace in the world 
today? 

What are the ethical responsibilities 
of scientists? 


Going down a group, you would predict that less energy is released when an 
atom gains an electron due to the increased shielding of the nucleus. However, 
the data in figure 8 does not show a clear trend: this is true for group 1 elements, 
but not for the other groups. 


For some elements, adding an electron to an atom results in a less stable electron 
configuration, which will reduce the energy released. This explains the. dropyin 
electron affinity between silicon and phosphorus, as phosphorusthas a half-filled 
3p sublevel. 


We do not always have accurate data for an element'selectron affinity. This is 
usually the case in elements with full or halffilled sublevels, such as beryllium, 
nitrogen, magnesium, manganese, zinc and the noble gases, wherethepracess 
of adding an electron is not favourable. 


Electronegativity 


As defined in Structure 2.2, electronegativity isa measure of anatom’s ability to 
attract electrons from a chemical bond to itself. Electronegativity decreases down 
a group, and increases across.ayperiod. This is because smaller atoms with nearly 
complete valence shells will attract electrons more easily than larger atoms with 
fewer valence electrons. 


Figure 9 shows.a summary of the periodic trends discussed. 


A Figure 9 The direction of the arrow indicates the direction of increasing value for each property 
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dentify the element with the greatest value for each property. The first column has been done for you. 


ionic radius 


atomic radius | 
| 
electron affinity | 


ionization energy | 


electronegativity | 


Jof the other 
the formula down 


In this task, you will follow some of the work done by Julius 3. 
Lothar Meyer, who explored the periodicity of the known 
chemical elements in the 18th century. 


Relevant skills 
e Too! 2: Use spreadsheets to manipulate data gy, 
¢ Too! 2: Represent data in graphical form 

e Tool 3: Use and interpret scientific Pcie 


e Tool 3: Apply and use SI prefixes an its 


Discuss the features of the graph that illustrate the 


e Inquiry 2: Identify, describe 
omenon of periodicity. 


trends and relationships 


in patterns, 


7. Atthe time, chemists described the pattern of similar 
f properties every eighth element as the law of octaves. 
1. Inaspreadsheet, collect atomic mass and atomic To what extent does the pattern in your graph support 
radius data for theelements from hydroger the law of octaves? 
strontium (see.exan oftable forma belo 
i 8. Are there any elements that do not fit the general 
en trend? 
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You have now learnt about various interconnected Because fluorine atoms have a higher nuclear charge than 
concepts in DP chemistry that can be used to construct carbon atoms, and both types of atoms have the same 
explanations. It can be interesting to see how far back you number of energy levels. 

can keep asking ‘why’. For example: Why? 

The C—F bond is highly polar. Because fluorine atoms contain nine protons eachy 

Why? whereas carbon atoms contain six. Fluorine and’carbon 
Because the electrons in the bond are not distributed atoms have two electrons in the,first energy level, and their 
equally between the two atoms. valence electrons are in the second energy level. 

Why? Why? 

Because the difference in electronegativity is large. Because the first energy,level holds‘up to two electrons. 
Why? Why? 

Because fluorine is more electronegative than carbon. Because the firstenergy:level only has oné orbital. 

Why? And so on. How did you acquire the knowledge that 


you use to‘build explanations such as this? What makes a 


Because fluorine has a stronger tendency to attract a : 
good explanation? 


bonded pair of electrons towards itself than carbon. 
Why? Think’about the “explain” questions in your IB 
examinations. How canyou know how detailed your 


Because fluorine has a smaller atomic radius than carbon. ? 
explanations should be? 


Why? 


Metallie-character and periodicity 
(Structure 3.194) 


Metallic characteris not a quantitative property, that is, we do not assign a 
value to it. However, the metallic character of an element is closely linked to 
its ionization energy. Elements with high metallic character have delocalized 
electronsin their structure. Therefore, elements with lower ionization energies 
are more likely to be metallic. 


For example, the group 1 elements, known as the alkali metals, have decreasing 
ionization energy and increasing metallic character going down the group. This 
means that they are also more reactive going down the group, as they havea 
greater tendency to donate their single valence electron in chemical reactions. 


The group 17 elements are known as the halogens. We describe the halogens 

in terms of their non-metallic character—this property is the opposite to metallic 
character and is linked to electronegativity. The non-metallic character and 
electronegativity of the halogens decrease going down the group. Halogens 
higher up the group are therefore more reactive, as they have a greater tendency 
to accept an electron in chemical reactions and fill their valence sublevel. 


We can illustrate these trends in the alkali metals and the halogens by looking at 
some typical chemical reactions. 
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Reactions of alkali metals with water 


A Brensted-Lowry acid is a substance that donates protons, H*. A Brønsted- 
Lowry base is a substance that accepts protons, H+. The alkali metals all form 
aqueous Brensted-Lowry bases when reacted with water. The general equation 
for the reaction of a group 1 metal with water is as follows: 


04 


h water as follows: 


M4 


lonization energy decreases and the metallic character of the alkali metals increases 
going down the group. As a result, reactivity increases and the reactions of alkali 
metals with water occur faster and more vigorously going down the group. 


M(s) + 2(g) + MOH(aq) 


For example, lithium reacts wi 


Li(s) + 2(g) + LiOH(aq) 


Reactions of halide ions with halogens 


Elemental halogens react with other species to gain electrons, and totachieve 
a complete octet, becoming anions. The electronegativity and non-metallic 
character of the halogens decrease going down the group, and/hence their 
reactivity also decreases going down the group. 


We can illustrate the reactivity of the halogens by looking atthe reactions 
between elemental halogens and the anions of other halogens. When elemental 
fluorine reacts with a chloride ion, elemental fluorine gains an electron, forming a 
fluoride ion and elemental chlorine as follows: 


1 1 
z+ F +5Ch 


The reverse reaction will not happen, however: chlorine cannot oxidize fluoride 
ions. This is because fluorine is more electronegative than chlorine, so the 
reaction is not favourable. 


The greater the electronegativity difference between the two reacting species, the 
more readily the reaetion.occurs. Hence, F, will react faster with I than with CI. 
This is also the case for the reactions between halogens and alkali metals: Fz reacts 
faster with K than.with ki. The equation fonthe former reaction is shown below: 


Tat KK + F 


Brønsted-Lowry acids and bases, 
and the distinction between 
alkaline and basic substaneesiare 
covered in Reactivity 3.1. 


A Figure 10 Elemental sodium metal 
reacts vigorously with water. This effect 
increases going down group 1 


In this reaction, chloride loses 
electrons (undergoes oxidation) 
and fluorine gains electrons 
(undergoes reduction). Oxidation 
and reduction are discussed in 
Reactivity 3.2. 


Complete the table to.show which reactions can occur between halogen species. 
The first row+has been,done for you. 


mr \ F cr Br 
Pe P® No reaction Ek OC OP Cl, F, + 2Br— 2F + Br, 
cÀ í 4 No reaction | 
Bro No reaction 


i- 
Fo + 27> 2F +l 


No reaction 
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Practice questions 


|. Write the word and symbol equations for the reaction 3. Identify the most reactive pair of reactants in a to d. 
between potassium and water. a. Litlorli+F, 

2. List the alkali metals from the most reactive to the least 
reactive, in terms of their reactions with water. 


b. Ba+l,orBa+ Cl, ba 
c. K+ ClzorLi + Ch 4 
d. Fz + KCI or Fz + KI , 


G Linking question 


Why are simulations and online 
reactions often used in exploring Conduct an online search for alternative representati 
the trends in chemical reactivity of An example is shown in figure 11. 

group | and group 17 elements? 
(Inquiry 2, Tool 2) 


A Figure 11 This periodic table has a “bicycle wheel” structure, with each group 


; ing a spoke of the wheel 
A á h 7 £ q k 
i } 4 A A N ø Select two or three alternative periodic tables and consider: 
a y 7 ‘~ h = r e What features of the elements are being highlighted in each case? 
a N y e To what extent are they essentially the same as the standard periodic table? 


(Ww e What are the advantages and disadvantages of the different periodic tables? 
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Metal oxides and non-metal oxides 


(Structure 3.1.5) 


Another way to describe acids and bases is through their ability to accept or donate 
a pair of electrons: a Lewis acid can accept an electron pair, and a Lewis base can 
donate an electron pair. Many metal oxides are Lewis bases. They react with water 
to form hydroxides, also bases, by donating an electron pair to hydrogen in water. 
Reactions of alkali metal oxides with water have the general equation: 


M,O\(s) + H2O(!) = 2MOH(aq) 


Here are some examples: 


Na,O(s) 


sodium oxide 


20!) 


— 


3 


Li,O(s) 


lithium oxide 


20!) 


2NaOH(aq) 


sodium hydroxide 


2LIOH(aq) 
lithium hydroxide 


Group 2 oxides are also Lewis bases. They also react with water to form 
hydroxides, with the following general equation: 


MO\s) + HO!) > M(OH).(aq) 


Here are some examples: 
MgO\s) 


magnesium oxide 


BaO(s) 


barium oxide 


H20(1) 


t2O\(\) 


- = 


-— 


Mg(OH)-(s} 


magnesium hydroxide 


Ba(OH).(aq) 
barium hydroxide 


Non-metallic oxides are Lewis acids. They react with water to form other acids by 
accepting an electron pair from oxygen’in water. Here are some’examples: 


CO,(g) 


carbon dioxide 


SOL) 
sulfur dioxide 


SOA) 
Sulfur trioxide 


PsOr0(S). 
phosphorus(V) oxide 


Going across any period, the oxides of 


~ 


20!) 


> 


2CO;(aq) 


carbonic acid 


200!) 


2SO,(aq) 


sulfurous acid 


6H,O 


20!) 


4 


2SO,(aq) 


sulfuric acid 


4 H3PO,(aq) 
phosphoric acid 


he elements become less basic and more 


acidic. Forexample, Na2O(s) forms a stronger base than MgO\s) in its reaction 
with water and SO;(I) forms a stronger acid than P,O,9(s). 


A chemical species that behaves as both a Lewis acid and a Lewis base is termed 
amphoteric. For example, aluminium oxide, Al,O4(s), is amphoteric: it can accept 
an electron pair or donate an electron pair depending on what it is reacting with. 
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At the standard level of DP 
chemistry, you do not need to 
know the definition of Lewis acids 
and bases. Lewis acids and bases 
are discussed in more detail in 
Reactivity 3.4 (AHL). 


wc 
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How do differences in bonding 
explain the differences in the 
properties of metal and non- 
metal oxides? (Structure 2.1 and 
Structure 2.2) 


For example, when reacting with aqueous sodium hydroxide, a base, aluminium 
oxide acts as a Lewis acid: 


AlsO;(s) +  2NaOH(aq) + 3H,O(I) 7 2Na[Al(OH)a|(aq) 
aluminium sodium sodium aluminate 
oxide hydroxide 


When reacting with hydrochloric acid, aluminium oxide acts as a Lewis base: 


Al,O3(s) + 6HCl(aq) >  2AICl,(aq) + 3HsO0(1) 
aluminium hydrochloric aluminium 
oxide acid chloride 


Both of these reactions are neutralization reactions: an acid and a base react with 
each other to forma salt. 


The acid-base properties of some period 3,elements are shown,in table 2. 


is ad SO,(I) and | 
SO,(g) 


acidic 


Formula of Na2O(s) 
oxide 


Acid or 


MgOV) (ow [sig 
amphoteric || acidic 


basic en 
y 


A Table 2 Trend inthe acid-base properties of the oxides of some period 3 elements 


acidic 


base? 


Acidbrainand ocean acidification 


Pure watenat 298 K has ajo of 7.0, which corresponds to a neutral solution: it 
is neither acidic nor basic. Rainwateris‘naturally acidic due to the presence of 
dissolved earbon dioxide, which forms weak carbonic acid: 


CO,(g) + HO) = H>CO3(aq) 


Atypical pH value fonrainwater is 5.6. We know that other oxides, such as 
nitrogen oxides, NO, and sulfur dioxide, SO2, are more acidic than CO, because 
nitrogen,and sulfur are further to the right in the periodic table. If these gases 
dissolve in rainwater, the ensuing rain is more acidic than normal, and is known as 
acid rain, which has a pH of less than 5.6. 


Sulfur dioxide and nitrogen oxides are produced naturally by volcanic eruptions 
and decomposing vegetation. These pollutants can also be released into the 
atmosphere by industrial processes, such as the combustion of fossil fuels with 
high levels of sulfur impurities. 


You have seen the reaction of SO; with water that produces sulfurous acid. The 
reaction between water and nitrogen dioxide produces nitric acid and nitrous acid: 
2NO,(g) +  H,0(I) — — HNO,{aq) + —HNO,(aq) 
nitrogen dioxide nitric acid nitrous acid 


Ultimately, nitrous acid and sulfurous acid are oxidized by atmospheric oxygen 
to nitric acid and sulfuric acid, respectively: 


2HNO3,(aq) + O2(g) > 2 
2H,SO;(aq) + O(g) > 2 


NO;(aq) 
2SO,(aq) 


Oceans absorb a large proportion of the carbon dioxide released into the 
atmosphere. Asa result, carbonic acid is formed in the ocean. Increased ocean 
acidity can affect the ability of coral reefs and shellfish to calcify their skeletons. 
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reacts <4 Figure 12 Sulfur dioxide reacts with 
water and oxygen in the atmosphere to 


iina form sulfuric acid, causing acid rain 
ini oer acid rain 
/ sulfur N (— —_ TEO 
? corrodes 


Oxidation states (Structure 3.1.6) A 


The bonding triangle introduced in Structure 2.4 shows that bonding iS often not 


purely 


ionic or covalent, but rather occurs on a continuum with unéqual sharing», 


of electrons. The concept of oxidation state, or oxidation number, is used to 


represent the charge on an atom in a compoundhif it were composed of ions. Italso 


describes the number of electrons shared or transferred when forming a bond. | ai 
| i ŽŽ N 
Water, for example, is a predominantly covalent molecule: H2O. Ifit were anionic 5H H4 
compound, then oxygen would gain two electrons and each hydrogenatom would 
lose one, as oxygen is more electronegative than hydrogen. Therefore, oxygen is A Figure 13 The oxidation states of 


assigned an oxidation state of -2 and each hydrogen hasan oxidation state of +1. elements in water 


Deducing oxidation states in compounds 


In com 


pounds, the/more électronegative atoms are’assigned negative oxidations 


states and the less electronegative atoms.are assigned positive oxidation states. 
There are a number of useful rules fomdeducing the oxidation states of atoms: 


Rule 1 
Rule 2 


Rule 3 


Rule 4 
Rule 5 


Rule 6y 


Rule 7 


The oxidation state of any free element is zero. 
The sum of the oxidation states of all atoms in a neutral compound is zero. 


The sum of the oxidation’states ofall atoms ina polyatomic ion is equal to 
~ the chargevof the iðn» 

The oxidation state of fluorine is -1 in all compounds. 

Thé oxidation state of the group 1 metals is always +1 and the oxidation 
state ofthe group 2 metals is always +2. 


The oxidation state of oxygen is -2 except in OF, where fluorine is 
more electronegative, so oxygen has an oxidation state of +2, and in 
peroxides such as H2O,, where it is —1. 


The oxidation state of hydrogen is +1 when it is combined with more 
electronegative elements (most non-metals), and -1 when it is combined 
with less electronegative elements (metals). Hydrogen in a -1 oxidation 
state is called a hydride ion. 
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The first rule states that the oxidation state of an element is always zero. This 

is because atoms of the same element have equal electronegativity, so the 
electrons are shared evenly across bonds in elemental compounds. For 
example, consider elemental oxygen, O»: the molecule is symmetrical, and the 
electronegativity of the atoms is identical. Therefore, the oxidation state of each 
atom is zero. 


Worked example 1 

Deduce the oxidation state of 

a. Mn in KMnO, 

b. theatoms in H,, Cu, Zn, Xe, and Au 
c. P in the phosphate ion, PO,> 

d. allthe elements in LiAIF, 


Solution 

a. According to rule 2, as KMnOþis a neutral compound, the sum of the 
oxidation states of its atoms is equal to zero: 
(oxidation state of,K) + (oxidation state of Mn) + (oxidation state of O 
x 4)=0 
We multiply the oxidation state valuesfor oxygen by four, as there are four 
oxygen atoms in the compound: 
You gan.assign oxidation statesto Oland K, and then find the value for Mn 
thatwould make the sum of the oxidationystates zero. 
According to rule5, the oxidation state of potassium is +1. According to 
rule.6, the oxidation state ofoxygen is —2. Substituting these values into 
the'above equation aboveGives: 


1 + (oxidati6mstate of Mn) + (-2 x 4) =0 


oxidation state ofMn = +7 
b. Thesélare all elemental species, so each atom has an oxidation state of O 
Practice questions (nig). a ye 
c./ According to rule 3, as PO,> is a polyatomic ion, the sum of the oxidation 
4. Assign oxidation states to states of its atoms is equal to the charge on the ion: 
eachvatom/in the following 
compounds: (oxidation state of P) + (oxidation state of O x 4) = -3 
a. .KGr,0, According orule 6, the oxidation state of oxygen is —2. Substituting this 
Ach, value into the above equation above gives: 
c. TCS (oxidation state of P) + (-2 x 4) = -3 
d. PACIO, oxidation state of P = +5 
e. OF, d. Using rule 2: (oxidation state of Li) + (oxidation state of Al) + (oxidation 
f SO, state of Fx 4) =0 
g aH According to rule 5, the oxidation state of lithium is +1. According to rule 
h. \Fes0; 4, the oxidation state of fluorine is -1. Substituting these values into the 
j of above equation above gives: 
k. CHO 1 + (oxidation state of Al) + (-1 x 4)=0 
l. a202 oxidation state of Al = +3 
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Naming of oxyanions 


Oxyanions are polyatomic anions that include oxygen atoms. When naming 
oxyanions, you should include the oxidation state of the non-oxygen atom as 
a Roman numeral at the end of the name. The Roman numerals are enclosed in 
brackets with no space between the ion name and the bracket. 


For example, consider the anion MnO... The anion is named manganate(VI), 
as Mn has an oxidation state of +7. The neutral compound KMnO; is called 
potassium manganate(VIl). This compound is also known under its traditional 
name, potassium permanganate. 


While the Roman numerals are often used to refer to the oxidation state ofa 
ransition metal, the non-oxygen atom in an oxyanion can also be a non-metal. 
KCIO;, for example, is called potassium chlorate(VIl). 


n practice, the Roman numeral is omitted for some common oxyanions. These 
are shown in table 3. 


lonic formula Common name Systematic name 
NO,” nitrite nitrate(Ill) 
NO; M nitrate | p nitrate(V) 
SOZ sulfite sulfáte(lV) 
L So,” sulfate ' sulfate(V1) _ 


A Table 3 The common names and systematic names of some oxyanions..Both are 
acceptable in examinations 


(an) Communication skills 


Scientists have used symbols to identify different element@for a long time 
(figure 14). Nowadayspwe use the symbols in the periodic table, and the 
nomenclature conventions encouraged by thefitétnational Union of Pure and 
Applied Chemistry (IUPAC). Your study f chemistry will involve using symbols 
as they are statediin the data booklet, writing chemical formulas correctly 
(including subscripts and brackets where mess, lth and naming substances 
according to IUPAC guidance. à 

Test your chemical communication skillsby finding the error in each of the 
followingand writing the correct answer: 


Z VHC Y a Ry 4 MgOH2 
2 TY O9 Í 5. cuprum(ll) oxide 
\. jos 


A Figure 14 The symbols used by alchemists for copper and 
iron, respectively 


Practicé'questions 


5< Write thèchemical formulas for 
the following compounds: 
a. hydrogen nitrate 
b. sodium phosphate(V) 
c. magnesium bromate(|l!) 
d 


I 
potassium sulfite 


G Liteagstiestion 
A 


t How can oxidation states be 
used to analyse redox reactions? 
| (Reactivity 3.2) 
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Discontinuities in ionization energy trends 
(Structure 3.1.7) 


Earlier in this topic, you saw that there was a trend of increasing ionizationenergy 
going across a period. You may have noticed two discontinuities from groupr2 to 
group 13, and from group 15 to group 16 (figure 15). 
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first ionization energy / kJ mol! 


atomic number, Z 


A Figure 15 Theionization energies of the second and third period elements 


The first diseontinuity, between beryllium and boron, can be explained by 
logking'at their electron configurations. The electron configuration of boron 

is 1842s? and the electroniconfiguration of beryllium is 1s*2s?2p'. Despite the 
greater nuclear charge in boron, it is easier to remove an electron from this 
element as the valence electron is in a higher energy sublevel, which is shielded 
from the nucleus by the2s sublevel. This drop in ionization energy therefore 
provides evidence for the existence of s and p sublevels. 


The second discontinuity, between nitrogen and oxygen, can be explained by 
electron repulsion in orbitals. The electron configuration of nitrogen is 1s? 2s? 2p? 
while for oxygen it is 1s* 2s? 2p*. In nitrogen, the three electrons in the 2p orbitals 
do notcome into close proximity. The paired electrons in oxygen occupy the 
same region of space and have increased repulsion. The higher-energy paired 
electron is therefore easier to remove. This explains the drop in ionization energy 
between the two groups. 


MOD s «HO 
2s 23 


| 
omi s oE 


2s2 2s2 


A Figure 16 Ahalf-filled p sublevel is stable due to decreased 
electron repulsion, as none of the electrons are paired 
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Properties of the transition elements 
(Structure 3.1.8) 


A transition element is defined as an element that has a partially filled d-sublevel 
or can forma stable cation with an incomplete d-sublevel. Having an incomplete 
d-sublevel gives the transition elements some characteristic properties. 


For example, the d electrons have high energy and are delocalized throughout 
the metallic structure. The attraction between the delocalized electrons and the 
metal ions in transition elements is strong, so these elements have high melting 
points. Most transition elements have unpaired d electrons, and as a result they 
are paramagnetic. This is because the spin of an unpaired d electron creates a 
magnetic moment, which can align with an external magnetic field. 


Zinc is not considered a transition element despite being in the d-block. This 
is because it does not form cations with an incomplete d-sublevel. Its electron 
configuration is [Ar]4s?3d", so it readily loses its 4s electrons to form 2+ ions) 
but the complete d-sublevel remains intact. All of the d electrons in elemental 
zinc are also paired in its neutral state, which means that zinc is not magnetic. 


A catalyst is a species that reduces the activation energy required for a reaction 
to occur, while not being used up in that reaction. Heterogeneous catalysts 

are a type of catalyst that exist in a separate phase to the reactants. Transition 
elements are often used as heterogeneous catalysts. Gas molecules adsorb onto 
a solid surface of the transition element, and the molecules undergo chemical 
changes. The products then desorb (figure 17). 


Platinum, palladium and rhodium are transition,elements used as heterogeneous 
catalysts in catalytic converters. Catalytic converters adsorb carbon monoxide 
and oxygen molecules in the exhaust of vehicle, and desorb carbomdioxide: 


2CO + O2 > 2CO, 


heterogeneous catalyst Y 
ren, 4 reactant A adsorbs 


onto surface of solid 
catalyst at active site 


product desorbs 
from catalyst 


~) 


reaction occur 


on catalyst ; ean 
of solid catalyst at active site 


reactant B adsorbs onto surface 


_ Catalysts and activation energy are 
~ discussed further in Reactivity 2.2. 


G Linking question 


What are the arguments for and 
against including scandium as a 
transition element? (Structure 2.3) 


<4 Figure 17 The action of heterogeneous 
catalysts. Transition elements are often 
good heterogeneous catalysts 
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The common oxidation states of 
the transition elements are given in 
the data booklet. 


This reduces the emission of the products of incomplete combustion created 
when burning fuel. Platinum is also used as a heterogeneous catalyst in hydrogen 
fuel cells. In this process, H.(g) and O,(g) adsorb onto the catalyst surface and 
H,O(I) desorbs. 


Transition elements are also able to form compounds known as complexions, 
some of which have distinctive colours. The chemistry behind this phenomenon 
is detailed later in this topic. 


Variable oxidation states in transition 
elements (Structure 3.1.9) 


Deducing electron configurations of transition elements 


As with any other element, if you knowsthe position of a transition element on the 
periodic table, you can determine its electron configuration: 


Worked example 2 


Determine the condensed electron configuration of iron, Fe. 


Solution 


The@ondensedelectron configuration starts with the previous noble gas in 
square brackets, which inthis case is argon: [Ar] 


Then, identify the valence sublevels. Iron is in period 4, so its valence 
sublevels are 4s and 3dyRemember, 3d comes after 4s because it is higher 
in energy. 


Then, determine thenumber of valence electrons. This can be deduced from 
the group number. Iron is in group 8, so it has eight valence electrons. Two go 
into the’4s sublevel, and the remaining six go into the 3d sublevel. 


Theteforejpthe condensed electron configuration of iron is [Ar] 4s? 3d®. If you 
need the-full electron configuration, expand the electron configuration of 
argon: 1s? 2s? 2p® 3s? 3p® 4s? 3d®. 


The two exceptions to the method described in the worked example are 
chromium and copper. In both cases, a 4s electron is promoted into the 3d 
sublevel to achieve a more stable electron configuration. Therefore, chromium is 
[Ar] 4s! 3d" and copper is [Ar] 4s! 3q". 


Variable oxidation states 


Another property of the transition elements is their ability to form a variety of 
stable ions in different oxidation states. These are known as variable oxidation 
states. Some of the most common oxidation states of transition elements are 
given in figure 18. 
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Sc Ti Vv Cr Mn Fe Co Ni Cu 
( 7 
6 6 6 
oxidation 5 5 5 5 5 
stat 
hatocair 4 a al 4 4 a a 
in P 3 3 3 S -o 3 E 3 3 
compo" ea >| ee 2 2 ee 2 2 
1 1 1 i 1 1 1 ] 
X 


A Figure 18 Common oxidation states of the period 4 transition elements, 
scandium to zinc. The most common oxidation states are shown ina larger font 


From figure 18, you can see that the most common oxidation states of 
manganese are +2, +4 and +7. This means that it forms the following oxides: 
manganese(|I) oxide, manganese(IV) oxide, and manganese(VII) oxides 


The formation of variable oxidation states in transition elements can be explained Methods for drawing orbital 

by the fact that their successive ionization energies are close in value. The filling diagrams are described in 
successive ionization energies of chromium and copper are shown in figure 19, Structure 1.3. 

along with their orbital filling diagrams. 


(a) chromium 
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(bheopper 
40000. 


35000 
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0) 2 4 6 8 10 12 14 [Ar] 4s 
ionization 


A Figure 19 The first 13 successive ionization energies and orbital filling diagrams for (a) chromium (b) copper 
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Chromium forms ions with oxidation states ranging from +1 to +6, losing the 4s! 
electron first and then the d electrons. The most common ions are Cr3*, which 
has an electron configuration of [Ar] 3d?, and CrO,” and CrO”, in which 
chromium has an electron configuration of [Ar]. There is a very small increase in 
energy between losing the first electron through to the sixth electron, so all six 
oxidation states are possible. 


THV 


Find data for the first 13 ionization The increments between successive ionization energies for copper are larger 
energies of the other period than those for chromium, so it forms fewer stable ions. The common ions are Cu*, 
A transition elements and plot which has an electron configuration of [Ar] 3d'° and Cu?4, whichihas an electron 
a graph for each element. configuration of [Ar] 3d9. Cu(II!) and Cu(IV) exist in’some compounds, such assin 
Using your graphs, look for superconductors, but higher oxidation states are not stable. 

connections between the electron 

configurations, the difference in Scandium has the electron configuration [Ar] 4s? 3d'. Se** was the onlyknown 
successive ionization energies ion up until the 1920s, and it was not considered a transition element, as a 

and the common ions for each transition element has to be able to form idns.with partially filled/d-sublevels. 
transition element. However, scandium can also exist in the +2 oxidation statéphaving,an electron 


! configuration of [Ar]3d'. An examiple of ascandium(||) compound is CsScCl3. 


Practice questions 


6. Manganese and iron both can exist in#2,and +3 oxidation states. The 
condensed orbital filling diagrams ofthese elements and their ions are 


atom/ion @lectron structure 

y” vw ALA 0 0 0O M 
net yf O A G G L 
ne Ny mt fl mt G oo 
ey a OH UO O O W 
eo od fi} a C fH OH © OU 
e ow TT] O OH HU UW ou 


Explain why Mn2* is more common than Mn3* and why Fe?* can be easily 
oxidized to Fe**. 


7. Vanadium commonly forms compounds where it has a +5 oxidation state. 


a. Determine the condensed electron configuration of elemental 
vanadium. 


b. Explain why the most common oxidation state of vanadium is +5. 
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Transition element complexes 
(Structure 3.1.10) 


Transition elements form coloured compounds known as complexes or complex 

ions when bonded with ligands. Ligands are molecules or ions with a lone pair OH> 3+ 
of electrons that can be donated to a transition element cation. This results in a ejs 
coordination bond formed between the ligands and the central cation 


H204 JO 
(figure 20). 2 aT Paul 2 
Cr 
When ligands form coordination bonds with transition element cations, the A” D e 
orbitals in the d-sublevel are split into two sets with different energies (figure AOK Oho 
21). Normally, all five d orbitals have the same energy: they are degenerate. The ele 
energy gap between the split orbitals corresponds to a wavelength within the OH2 


visible light region of the electromagnetic spectrum. A Figure 20 The complex iolfCr(HsO)<I* 


has six coordination/bonds from the lone 


a pairs on the-H2O molecules to the central 
L „JM U Crt ion, It is violetin colour 
a a 
3 A 
T m b 
2 fo E fal E The for eR of complex ions is 
(0) p mai a. $ ya 

E Oo Oo E 5 sf r detailed in Reactivity 3.4. 

(a) five d orbitals in an (b) five d orbitalstin a 
isolated gaseous ion complex ion —non- 
—degenerate orbitals degenerate orbitals 


A Figure 21 The effect of ligands on the d orbitalsof the transition element ion 


The difference in energy between the split orbitals allows.electrons in the lower 
orbitals to be promoted into the higher orbitals. This happens when the complex 
absorbs light with a wavelength corresponding to the energy. gap between the 
non-degenerate orbitals: The colour observed is the complementary colour to 
the colour absorbed. Complementary colours are opposites on the colour wheel 
given in figure 22/The colour wheel is.also shown inthe data booklet. 


647 nm 


575 nm 


A Figure 22 The colour wheel 
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For example, [Cr(H2O)g}** absorbs yellow light when electrons are promoted 
between the split d orbitals. As a result, the complex appears violet, as this is the 
opposite colour on the colour wheel. 


The larger the splitting of the d orbitals, the greater the energy required,to 
promote an electron. Therefore, for a larger splitting, the light needsto havea 
shorter wavelength and higher frequency. Remember the relationships between 
wavelength, frequency and energy: 


speed of light (3.00 x 10ëm s7?) = frequency (in s7) x wavelengthi(in m) 
c = f x A 


energy (in J) = Planck constant (6.63 x 10] s) X frequency (in s~') 
E h x f 


Worked example 3 


The colour of [CuCl,]* ionsiis equivalent to visible light with awavelength of 
647 nm. Calculate the energy gap of the split d orbitals in[CuCl,]*. 


Solution 


If the colour of the complex ion corresponds to the wavelength 647 nm, the 
wavelength ofilight absorbed isopposite on the colour wheel (figure 22): 
491 nm. 


To determine the frequency of the light, use c = fx 4. Remember to convert 
thewavelength to metres, 


3x 10&ms7? = 491 x 10°m xf 
=o Ious 
Then use E =h x fto determine the energy gap between the orbitals: 
E=6 63X0] xex IOs 

E=4.05x109) 
The identities of the ligand and the transition element cation are two factors that 
affect the colour of the complex observed. The same ligand will cause different 
splitting in the d orbitals depending on the central metal cation. Ligands that form 


stronger coordination bonds with the central ion will produce a greater energy 
gap between the split d orbitals (figure 23). 


stronger greater higher energy smaller greater 


coordination splitting of of light wavelength of wavelength of 
bonds orbitals absorbed light absorbed complex colour 


A Figure 23 The relationship between ligand strength and the colour of complexes 


The third factor affecting the colour observed is the charge on the central transitional 
element cation. A Cr* complex will have a different splitting of d orbitals than a Cr** 
complex with the same ligands, and they will therefore be of different colours. 


252 


Structure 3.1 The periodic table: Classification of elements 


Practice question 


8. A complex [Cu(H,0),}**(aq) changes colour when excess Cl (aq) is added. 
Chloride ions are considered to be weaker ligands than water. Explain the 


colour change observed. 


In this task, you will determine the unknown concentration 
of a transition metal in solution by interpolating a 
calibration curve. You will need a colorimeter, or a mobile 
phone app that can measure RGB values. 


Relevant skills 


e Tool 1: Use and apply colorimetry 

e Tool 1: Prepare a standard solution 

e Tool 1: Carry out dilutions 

e Tool 3: Construct and interpret graphs 


e Too! 3: Interpolate graphs 


e Too! 3: Draw and interpret uncertainty bars 


e Inquiry 1: Calibrate measuring apparatus, including 
sensors 


e Inquiry 3: Discuss the impact of uncertainties.on the 
conclusions 


e Inquiry 1: Formulate research questions 


Possible transition metal solutions include 

hose containing manganate(VIIhions, MnOz, 
hexaaquacopper(|l) complex ions, [Eu(H,0),)*, 

and pentaaquathiocyanatoiron(|I!) complex ions, 
Fe(H3O);(SCN)**. Knowledgé of complex ions.is not 
necessary to use’this important analytical technique, so 
his task is also suitable for SL students. 


A simplified version of this task involves determining the 
concentratiomofa complex in solution prepared by your 
eacher ontechnician. You can also use it to determine 
the concentration ofa particular coloured component in 
everyday substances. 


G “inking question 


Method 
1. Review the colorimetry Section of the Skills chapter. 


Read through the procedure below and make a list of 
he equipment you will need. 
Part 1: Calibration curve preparation 


3. Prepare astandard solution of thelion youwill be 
analysing, and perform a sérialidilution to obtain five 
solutions of different concentrations. 


4. “Depending on the colour of the solution, determine a 
suitable wavelengthvof incident light. 


5», Calibrate the colorimeter. 


6.” Determine the absorbances of the five standard 
solutions. 


7. Plot calibration curve that shows absorbance vs 
concentration. 


8. Check for errors by verifying that your line of best fit 
goes through the origin. 


9. Propagate uncertainties and include error bars on 
your graph. Draw lines to determine the maximum 
and minimum gradients. 


Part 2: Analysis of solution of unknown concentration 


O. Obtain a small sample of the solution of unknown 
concentration. Determine the absorbance of the 
analysed solution. 


1. Use your calibration curve to determine the 
concentration of the analysed ion in the solution. 


2. Determine the absolute, relative and percentage 
uncertainty of the concentration. 


Part 3: Developing a research question 


3. Brainstorm possible research questions that could 
involve using this analytical technique. 


What is the nature of the reaction between transition element ions and 


ligands in forming complex ions? (Reactivity 3.4) 


How can colorimetry or spectrophotometry be used to calculate the 


concentration of a solution of coloured ions? (Tool 1, Inquiry 2) 
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End of topic questions 


Topic review 


il 


Using your knowledge from the Structure 3.1 topic, 
answer the guiding question as fully as possible: 


How does the periodic table help us to predict patterns 
and trends in the properties of elements? 


Exam-style questions 
Multiple-choice questions 


A, 


Which of the following does not apply to zinc? 
A. metal 

B. d-block element 

C. transition element 

D. element 


Which of the following oxides forms an acidic solution 
when added to water? 


SiO, 
I. SO, 
ll. SrO 
A. llonly 
B. Ill only 
C. land Il only 
D 


land Ill only 


Which of the following trends does not explain why, 
electronegativity increases across periods? 


A. increasing number ofWalence electrons 
B. atomic radius decreases 
C. nuclearcharge increases 


D. constant shielding 


Which of the following shows a second ionization 
energy? 


A. Xlo) > X gF 2e 
B. X(g)+e°>X*(g) 
C. K**(g) Xio) + e 
D KOX) + e 


Which ofthe following represents the total amount of 
energy, in kJ, required to form one mole of oxide ions 
from one mole of oxygen atoms? 


(Ist EA of oxygen =-141k}] mol; 2nd EA of oxygen = 
753 kj mol; Na= 6.02 x 1077 mol") 


A. -141 
B. -141x2x6.02x10# 

C. (141+ 753) x 6.02 x 10? 
D. -141 +753 


Which pair of elements would react most vigorously? 


A. Csand Fo 


B. Liandl, 
Cc. Csandl, 
D. LiandFy 


Which statement about the halogensiis correct? 

A. ¢@l, is a weaker reducing agent than Fz 

B> 1, willoxidize Br 

Cy», |, has a lower tendency to be reduced than Br2 
D. Cl, will reduce I 


Deduce the oxidation state of nitrogen in sodium 
nitrate. 


A. + Be +2 C. +5 D. +6 


» Which of the following is not a typical property of 


transition elements? 

A. catalytic properties 

B. variable oxidation states 
C. low electrical conductivity 


D. complexion formation 


. Which of the following statements explains why 


transition metal compounds are coloured? 


A. Electrons absorb energy when they move to a 
higher-energy d-orbital 


B. Electrons release energy when they drop down to a 
lower-energy level 


C. Transition elements have variable oxidation states 


D. Electrons are delocalized in transition elements 


. What is the oxidation state of cobalt in the complex ion 


[CoCl4?? 


A. -2 B. O C TA D. +4 
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Al 


14. 


zi 


What is the ligand in the complex 
[NHzh[Fe(H20)¢][SO.]2? 


A. Fe?* 
B BO 
C nHO 
D. [NH,]* 


[Ni(NH3)sF is a complex ion with nickel in the +2 
oxidation state. What is the overall charge, x, ofthe 
complex? 


A. O 

B. 1+ 
C. 2+ 
D. 3+ 


Extended-response questions 


IS 


16. 


This question is about the halogens. The halogens are in 
group 17 of the periodic table. 


a. Explain why the atomic radius of the halogens 


increases down the group. Pa 


b. Explain why fluorine has a greater electronegativity 
than oxygen. [2] 


c. Explain why the chloride ion has agreater radius 


than the chlorine atom. [2] 


d. When chlorine gas is bubbled through aqueous 
potassium bromide, an orange-brown liquid is 
produced. 


i. Write a balanced equation, including state 


symbols, forthe reaction.described abdve. [2 
ii. Explain why this reaction oceurs. [2 
The alkalimetals react vigorously with water. 
a. State the group numbenof thealkali metals. [I 
bimeExplain why the ionization energy of the 
alkali metals decreases down the group. [2 


c. Phenolphthalein indicator is added to a large 
container full.of water. Then, a small piece of 
sodium is added to the water. 


i.» Describe and explain the change in the 


colour of the indicator. 


[1] 


ii. Suggest a value for the pH of the solution in 
the container once the reaction has ended. [1] 


d. Write a balanced equation, including state 
symbols, for the reaction of rubidium with water. [2] 


20. 


Al. 


. This question is about acid deposition. 


a. Explain, using relevant chemical equation(s), 
why rain is naturally acidic. 


b. Explain why burning coal leads to the 
production of acid rain. 


c. Figure 12 on page 243 shows some of the 
consequences of acid deposition. 


i. List the five consequences 6facid deposition 
shown in figure 12. [i 


ii. Choose one ofthe consequences.of.acid 


rain. Suggest howwit can be offset, [2 
. a. Sketch atgraph showing the firstVOjionization 
energies ofopper. [2 
b. State the abbreviated electron configuration of 
copper. [1 


em State the full electron configuration of a copper(I!) 
ion. a 


~ Explain why aqueousicopper(|!) nitrate forms a coloured 


solution, whereas aqueous zinc nitrate is colourless. [2 


When,excess|hydrochloric acid is added to aqueous 
cobalt(II) ions, a ligand exchange reaction takes place, 
causing the colour of the solution to change from pink 
to blue: 


[Co(H,O),P* + 4Cl- = [CoCl4] + 6H,O 


pink blue 


a. The pink [Co(H,O),}* complex ion absorbs light 
with a wavelength of approximately 540 nm. 
Calculate the energy difference between the 
split d orbitals of cobalt in this complex ion. 2 


b. Explain how the colour change in this reaction 
shows that chloride ions are weaker ligands than 
water molecules. 2 


Explain, by referring to successive ionization energies, 
why titanium can exist in variable oxidation states, but 
calcium only occurs in the +2 oxidation state. 2 


[2] 


[2] 
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Siddi aA Functional groups: 
Classification of 
organic compounds Cs 


How does the classification of organic molecules help us to predict their pr & 


Understandings 


Structure 3.2.1—Organic compounds can be 
represented by different types of formulas. These include 
empirical, molecular, structural (full and condensed), 
stereochemical and skeletal. 


HL 


, connectivities and bond < 
atial arrangements of atoms. 


Structure 3.2.2—Functional groups give characteristi 
physical and chemical properties to a compoufid. 
Organic compounds are divided into classes ac ing to 
the functional groups present in their molec 


spectroscopy ('H NMR) gives information on the different 
emical environments of hydrogen atoms in a molecule. 


. Structure 3.2.11—Individual signals can be split into 
embers of ahomé looo clusters of peaks. 
a > 


Structure 3.2.12—Data from different techniques are 
often combined in structural analysis. 


Structure 3.2. 4-Succegive 5 
series show a trend į 


omenclatur rs toa set of 
Geno Union of Pure Applied 
Gernot es $ onic and 
ae 


icture 3.2.6—Structurabi: re molecules that have 
molecular la ifferent connectivities. 
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Formulas of organic compounds 
(Structure 3.2.1) 


Introduction to organic chemistry 


Organic chemistry is the field of chemistry where carbon-based compounds 
are studied. Carbon atoms have four valence electrons, so they can form 
four bonds to other atoms. Carbon atoms can undergo catenation, which is 
the process by which many identical atoms are joined together by covalent 
bonds. This produces straight-chain, branched, or cyclic structures. This 
special feature of carbon is the reason why organic chemistry is such a wide 
and varied field of study. Organic compounds include fuels, paints, dyes, 
alcohol, plastics, industrial solvents, drugs and medicines, foods, pesticides 
and fertilizers. Most biological molecules, such as DNA, contain carbon 
atoms and are also considered to be organic. 


Types of formulas 


You can represent the structure of an organic compound in several ways by using 
different types of formulas. 


An empirical formula represents the simplest ratio of atoms’present in a 


molecule. The molecular formula describes the actual number of atoms say 
present in the molecule. Both these types of formula offeryou little or no à Empirical and molecular formulas 
information about the possible structures of larger more complex molecules. I wet introduced in Structure 1.4. 


For example, a molecule of the carbohydrate glúcosēhas the molecular 
formula CgH;2O¢ and an empirical formula of CH3O. From this information, the 
structure of glucose cannot be deduced, 


A Figure! Glucose, CgHi2O.¢, is a simple six-carbon sugar with hydroxyl functional 
groups. The structure of the ring is not reflected by the molecular formula 
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KO 
rs 


Structural formulas, unlike molecular formulas, describe the structure of a 
compound. There are three types of structural formula: full, condensed 
and skeletal. 


Full structural formulas or displayed formulas are two-dimension 
representations showing all the atoms and bonds, and their positi ve 
to one another in a compound. 

In a condensed structural formula, all the atoms and the tive Positions 
are shown, but some or all the bonds are omitted. 

) ructural formála, 
shown but the endo 


Full structural Condensed Skeletal 
formula structural formula formula 


propane H= A 


H(OH)CH; 


H 
H 
v Soer CH;CH=CH; or 


CH;C(O)CH; 


Pr 
CHCHCHO | DAN 

A 

ASS 


H 
propene `c’ NH CH,CHCH, 


A Tablel Full, condensed and skeletal formulas can all be used to represent 
structures of organic compounds 


In structural formulas, a covalent bond between two atoms is represented by a 
single line that describes two bonding electrons. For a double bond, two lines 
are used, and for a triple bond, three lines are used. 
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Constructing 3D models of organic compounds is an excellent interactive 
technique, enhancing your ability to visualize of molecules and mutual orientation 
of individual atoms. Models can enhance understanding ofa variety of concepts, 
from the naming of organic molecules and visualizing stereoisomers (including 
optical isomers) to complex reaction mechanisms. 


Practice questions 


1. Draw the full structural formula and skeletal formula for each of the following 
organic compounds. 


a. hexane, CH3CH»CH2CH2CH2CH3 
b. butan-1-ol, CH3CH2CH2CH2OH 
c. chloroethene, H,C=CHCI 


2. Which of these molecular formulas are also empirical formulas? 
C2H6O 

|. C3H,O, 

Il. CH2 


A. land ll only 
B. land Ill only 
C. Iland Ill only 
D. I, land Ill 


3. Which of the following compounds,has the same empirical formulaiand 
molecular formula? 


Empirical formula Molar mass/g mol” 
GO,H 90 


A | 

B | CH:© 62 
c | C3H,O | 88 
D | CaHeO Yy 72 


G 1l ir apdstion F% Ò` 


What is unique about carbon that enables it to form more compounds than 
the sum ofall the othenelements’ compounds? (Structure 2.2) 


What are thejadvantages and disadvantages of different depictions 
of an organic compound (structural formula, stereochemical formula, 
skeletal formula, 3D models, etc.)? (Structure 2.2) 
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Models are useful when direct observation is difficult. Two-dimensional 
representations of molecules (such as structural formulas) do not represent 
some of the more complex features that become clear in three-dimensional 
physical and computer models. You can explore some of the differenttypes of 
3D models in the Skills chapter. 


Functional groups (Structufe 3.2.2) 


A functional group is an atom, or a group of atoms, that gives organic 
compounds their physical and chemical characteristics. 


There are tens of millions of organiacompounds, and this number is constantly 
rising as new compounds are synthesized in pharmaceuticalicompanies, 
industrial laboratories and researchuniversitieseNatural compounds found in 
plants and animals are synthesized by living organisms. 


(J ester 


l OH 


alkoxy O 4 


B-D-glucose- O 


hydroxyl H) 


A Figure 2)Digitalin isa cardioactive steroid found naturally in the foxglove plant. It is used to treat congestive heart failure and 


irregular heartbeats or atrial fibrillation. It features hydroxyl, alkoxy and ester functional groups 


All organic compounds are divided into classes of organic compounds 
dependent on the specific functional group found in their molecules. Compounds 
of the same class have similar chemical properties. Some functional groups and 
their corresponding classes are given in table 2. R groups are used in table 2 to 
symbolize any carbon-containing groups. They are useful for writing general 
formulas for classes of organic compounds. Carbon-containing groups with no 
other functionalities are called alkyl groups. 
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Functional group 


Name Formula Suffix Class Example 
halogeno chloromethane 
(fluoro, chloro, bromo R-X — halogenoalkanes H3C — CI 
or iodo) 
=| 
ethanol 
hydroxyl R-OH -ol alcohols OH 
H 
® ethanal 
4 4 
carbonyl R =q -al aldehydes H3C À 
i S KL : 
R w - A? propano z p CH3 
carbonyl Il -one e | 
O 
oO C noicacid © 
4 A 4 
carboxyl R—C - i carboxyli H3C —C 
\ \ 
Sie OH 
4 methoxymethane 
alkoxy -0- S H3C—0O—CH3 
ethanamine H 
amino R-NH2 primary amines LAN ai 
H 
ethanamide O 
A 
i Rae C -amide amides H3C —C 
NH2 NH2 
o methyl ethanoate O 
4 4 
ester R—C -oate esters HOC 
4, 
O—R O—CH3 
v methylbenzene 
phenyl R — aromatics H3C 
Hi: 


A Table2 Summary of classes of organic compounds and their functional groups 
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(an) Self-management skills 


How can you develop familiarity with the various functional groups, their 
names, and structures? You may wish to create a flashcard deck to help’you 
to build and maintain your fluency. As you will see in Reactivity 3, recognizing 
the various functional groups will help you to predict the chemical, behaviour 
of various substances. s 


Saturated and unsaturated hydrocarbons 


Organic compounds can also be classified according to whether they are 
saturated or unsaturated. In a saturated compound, all the carbon-carbon 
bonds are single. The simplest example of a saturated hydrocarbon,is methane, 
CH;,, a member of the alkane family. The primary carbon chainin an unsaturated 
hydrocarbon must contain oneor more double or tripleeareon—carbon bonds. 
Hydrocarbons with carbon-carbon double/bonds are called alkenes. The 
simplest alkene is ethene, HxG=CH2)Alkanes and alkenes are both aliphatic. 
This means their molecules contain,no aromatic rings. 


H \H 
Da’ 

NAOT AT 
H H 


A Figure 3 Ethéne (left) with a carbonsearbon double bond, is unsaturated, whereas 
ethane (right) is saturated 


TOK 


Terms such as natural, organic and chemical have precise meanings in 

chemistry, which’ can differ from their meanings in everyday language. 

Consider organic. This word takes on a variety of meanings depending on its 
_ €ontext: organic food, organic chemistry and organic household waste all use 

‘the word organic to signify a different thing. 

What is the role of context in the choice and interpretation of language? 


G Linking questions 


= What is the nature of the reaction that occurs when two amino acids 
Ea forma dipeptide? (Structure 2.4) 


areaction pathway between compounds, e.g., converting 


(Cy) How can functional group reactivity be used to determine 
ethene into ethanoic acid? (Reactivity 3.2, 3.4) 
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Homologous series (Structure 3.2.3) 


A homologous series is a family of compounds that can be grouped together 

based on similarities in their structure and reactivity. A homologous series has 

the same general formula, which varies from one member to another by one CH, 

(methylene) group. If you know the general formula for each homologous series, 

you can identify which group a particular compound belongs to without drawing 

its structure. gv, 


The alkane series has the general formula C,,H2,.2. Alkanes are hydrocarbons 
that contain carbon and hydrogen atoms only. Table 3 shows the alkane 
homologous series. You should be able to identify how the structural formula of 
each successive member differs from the previous by a single CH2 group. 


Condensed structural 
formula 


Molecular 
formula 


methane 
H 

H 

| 

ethane CoH CH3;CH3 4 H— ; 


Name 


| 
propane C3Hs H,CHs HP?C—C—C—H 


H 
l 

butane CaHio CH;CH2C H—C—C—C—C—H 
° H 


ji ~ XK HHHHH 
RO 12 Woe {CH CH; H-¢-¢-¢-C-C-H 
H H HHH 
AY H H H H H H 
ne Ca H3CH CH,CH,CH2CHs H-C—¢-¢-¢-C-C-H 
H H H H 


A Table 3 homologous series of alkanes 
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You can synthesize 
halogenoalkanes from alkanes 
by a process known as radical 
substitution. This form of 
substitution introduces a highly 
polar carbon-halogen bond into 
what was a relatively inert alkane 
molecule. Radical substitution is 
detailed in Reactivity 3.3. 


The alkenes are a homologous series of unsaturated hydrocarbons that contain a 
carbon-carbon double bond. The alkene series has the general formula of C,H). 
The alkyne family have carbon-carbon triple bonds, with the general formula 
C,,H2,-2. Halogenoalkanes are alkanes where one of the hydrogen atoms has 
been substituted with a halogen atom. They have the general formula 

where X is the halogen atom. 


alkynes logeno S 
Cp Hor C,H 


Homologous series alkenes 
General formula C,H, 
è H 
H Sy F H 
c= H— c= —cCl 
H~ NH 
ethene H H 
chloroethane 
Q H H H 
"Sec AN cee ane 
i Mor | | | 
prop: 
rop H H H 
l-chloropropane 
| | 
H HH H 
Vad _ | | | | 
P C 3 C=C — CH3 | H—C—C—C—C—Cl 
C but-2-yne | | | | 


is 
pure, ®© 


H H H 


1-chlorobutane 


H 


is series of strai Ko enes, alkynes and halogenoalkanes 


embers of the homologous series of alcohols all contain the hydroxyl functional 
group (-OH). They have a general formula of C H2 OH. Alcohols can undergo 
combustion reactions (Reactivity 1.3) and oxidation reactions (Reactivity 3.2). 
Another homologous series, the aldehydes, have a general formula of C,H2,0. 
Aldehydes contain the carbonyl functional group (C=O) in the terminal position 
of the carbon chain. Ketones have the same general formula and functional group 
as aldehydes, but the carbonyl group is found anywhere on the carbon chain 
except the ends. These homologous series are summarized in table 5. 
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Homologous 
series 


alcohols aldehydes ketones 


General 


formula Cn Han OH GHO CHO 
H H H 
o 
roe er Agt 
| | | \ 2 ones 


H H H M 
ethanol ethanal 9 


AÀ 
H H H H H H H 
| | | | | | 
H—C—C—C—OH H—C—C H— — 
| | | | o IX 
H H H H A Oo H 
propan-l-ol Ny Q opanone 
H H H H H H H H 
| | | | | | | | 
H—C—C—C—C—OH C#-C—C —C—C—C—C—H 
| i | | È i i | 
H H H hy H © H H 
butan-1-o| butanone 
i tA Lt 
c H—C— C — —C—C—C—C—H 
s | | I tt || 
HoH H O H H 


H 
pentan-l-o! pentanal pentan-3-one 
A Table 5S The hom of alcohols TOA ketones 


general for: C,,H2,02, and have a carboxyl group. 
H, where il implest carboxylic acid of this 


Carboxylic acids ha 


ers: 
Po arn 


methoxymet! methoxyethane 
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Members of the amine homologous series all have the general formula C,,H2,43N. 
There are three types of amines: primary amines, secondary amines and tertiary 
amines. In primary amines, the nitrogen atom is bonded to only one carbon 
atom. In secondary amines, the nitrogen is bonded to two carbon atoms 

and in tertiary amines, itis bonded to three carbon atoms. This is summari 

in table 6. 


Esters have the general formula RCOR’. They are derived fro oxyli 
acids and have a variety of applications ranging from flavouri ents and 


medications to solvents and explosives. 


Amides are also derived from carboxylic acids.an eag al formula of 
C,,Hon4iNO. They contain the amido functional group, —C(O)NH),. 


Type of amine Number of carbon atoms bonded to nitrogen 


l oy H— C—NH> 
primary 1 
re 


| 
H 
i 


H 
A ne 
H H 
Qs 
H—C—N—C—H 
| | | 


secondary “Sy 
H HH 
SY dimethylamine 


H H 


F O H—C—N—C—H 
tertiary H | H 
oe m 
O Y i 
trimethylamine 


Eper N jary amines 
& @ Linking question 


Ss How useful are 3D models (real or virtual) to visualize the invisible? (Too! 2) 
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Practice questions 


4. Which functional group is circled in this molecule? 


A. hydroxyl "X 
Ox 

B. carboxyl á 

C. carbonyl 

D. ether 


5. Which functional groups are present in this molecule? 
O 


H3CO 
CH3 


CN 
CN 


carbonyl, ether, phenyl 
carbonyl, ester, phenyl 


carboxyl, ether, amino 


o0 > 


carboxyl, ester, amino 


6. Which of the following functional groups are present 
in the aspirin molecule? 


|. ether |/ carboxyl Ill. ester 
H 
a 
H 
H 
H H 
A. land Il only B. land Ill only 
C. Iland Ill only D. l, Iland Ill 


7. Which of the following functional groups is present in 
paracetamol? 


OH 
N Q 
RA eA 
CH3 
A? carboxyl By amino 
C. alkene D. hydroxyl 


8. ‘Galantamine is adrug used to treat symptoms of 


Alzheimer’sdisease. Its structure is shown below. 


OH 


CH30 


N 


% 


CH3 
Which of the following functional groups are present 
in this molecule? 
A. amido, hydroxyl, ester 
B. amino, hydroxide, ether 
C. amino, hydroxyl, ether 
D 


amido, hydroxide, ester 
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Our atmosphere is mostly made up of nitrogen, N2, and 
oxygen, O2. Organic compounds, which may have been 
the precursors of biomolecules, are thought to have 
formed billions of years ago when the composition of the 
atmosphere was very different. An attempt was made to 
recreate these conditions in the mid-20th century, known 
as the Miller—Urey experiment. 


Research two sources on the Miller—Urey experiment 
(or another theory of the origin of biomolecules), and 
summarize your findings in your own words, drawing 
as many connections as possible to your knowledge of 
chemistry. Fully document the information sources, and 
evaluate their reliability. 


homologous series have similar chemical properties, as 
tional group. The functional group is responsible for the 


é boiling points and melting points for the straight-chain alkanes are shown 
table 7. These values increase as the number of carbon atoms increases. 
As a consequence, boiling point and melting point increase with increasing 


molar mass. 
Name Formula Boiling point/°C Melting point/°C 
methane CH, | -161 -183 
Fane CyH, | -89 -172 
propane CHa | -42 -188 
butane C4Hio | -0.5 -135 
pentane CsHi | 36 -130 
hexane CHa | 69 -95 


A Table7 The melting and boiling points of the straight-chain alkanes 
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The close correlation between carbon chain length and boiling point enables you 
to predict the properties of neighbouring members of the homologous series. 
The trend in melting points is not as smooth as that of boiling points and would 
have less certainty in terms of the prediction of properties. 


You learned about distillati 


You can use simple distillation apparatus and a temperature probe to measure the techniques in Structure 1. 


boiling points for successive members of a homologous series. 


temperature probe 


condenser 


A Figure 5 Distillation apparatus incorporating a temperaturesprobe 


The trend in increasing boiling point results from stronger London (dispersion) 
forces as the carbon chain increases in length. Lond6n,(dispersion) forces 
attractive forces between non-polar molecules (for example, hydrogen H,). 
They also exist between polar molecules (forexample, HCI). Every moleculewill 
experience London (dispersion) forées, whethenitis non-polar or polar. 


y London (dispersion) forces and 

»,other intermolecular forces were 

~ covered in Structure 2.2. Which of 
the homologous series discussed 
so far experience hydrogen 


300 bonding? 


250 


200 


(onl 
©} 


© 
(©) 


number of 
yo carbon atoms 


temperature / °C 
[eal 
oO 


£50 
-100 @ alkane Figure 6 The boiling point 
a alkene increases with each successive 
—150 à alcohol member of a homologous 
e carboxylic acid series as the carbon chain 


grows in length 
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In this task you will construct and test a simple graphical 
model of the boiling points of a homologous series of 
your choice. 


Relevant skills 


e Inquiry 1: State and explain predictions using scientific 
understanding 


e Tool 2: Identify and extract data from databases 


e Tool 2: Use spreadsheets to manipulate data 


e Tool 2: Represent data in graphical form 


e Tool 3: Sketch graphs to qualitatively describe trends 


3: Apply the coefficient of determination (R’) 


e Tool 3: Construct graphs and draw lines or curves of 
best fit 
e Tool 3: Extrapolate graphs 


3: Calculate and interpret percentage error 
e Inquiry 2: Describe and explain patterns, trends and 
relationships 


Instructions 


Part 1: Prediction 


1. List the first six members of a homologous series of 
your choice. 

2. Predict the relationship between boiling point and 
carbon chain length. Justifyyour prediction, referring 
to your knowledge of intermolecular forces and 
functional groups. 


3. Sketch a graph that qualitatively describes the 
relationship you have predicted. 


Part 2: Data collection 


4. Identify anonline database that contains)boiling point 
data fora variety of substances (for instance, NIST 
Chemistry Wels Book). 


5. Collect data on theboiling pointfor the six organic 
compounds you havesselected.and enter the data into 
a spreadsheet. 

6. Organize the data: enter the name, formula, 
and number of carbon atoms, and convert all 
temperatures into a consistent unit. 


Part 3: Graph 
7. Create a scatter graph of the data. 


8. Using software, draw a line or curve of best fit that 
describes the data well. 


9. Determine the R? value and the equation of the line 
or curve. 


Part 4: Test the model 


You have now created a simplegraphical model.of the 
relationship between boiling pointand carbon chain length. 
You can test your model by using it to make predictions and 
then checking theaceuracy of these predictions. 


O. Use the equation of theline or curv&of bestit to 
predict the boiling point of the 7th, 10th, and if 
possible, the20th members ofthe homologous series. 


1, Look up their actual boiling point values. 


2. Galculate the percentage errors of each of the 
predictions. 


Part 5: Interpret the results 


3. Compare and.contrast the percentage errors for the 
three predictions. Consider the following questions: 


e Howdo their accuracies compare? Why might 
this;be? 

e “Does the accuracy of the predictions change for 
longer carbon chain lengths? 


e This isan example of extrapolation because you 
predicted a value that was outside the range of 
the data. How might the accuracy change if you 
had interpolated the data instead? 


. Describe and explain the trend shown in the graph 
you plotted. 


15. Ifuncertainties were reported along with the boiling 
point data, what impact did these have on your analysis? 


16. Briefly evaluate your model, giving examples of its 
specific strengths and weaknesses. 


17. How might the accuracy of this simple model be 
improved? 
Extension 


Choose a different homologous series and repeat the 
task. Compare and contrast the two sets of results. 
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The different boiling points of members of homologous series mean that different 
members will condense at different temperatures. In the petrochemical industry, 
this principle is used as a separation technique. For example, crude oil is a 
mixture of hydrocarbons that vary in the length of their carbon chain. Fractional 
distillation is a physical separation process where crude oil is vaporized and 
then passed through a column. As the vapour rises through the column, it cools. 
Therefore, compounds will condense at different levels in the column depending 
on the length of their carbon chain. Compounds with a similar boiling point, 

and therefore similar chain length, will condense at the same level. Long-chain 
compounds will condense further down the column, as they have a higher 
boiling point. Shorter-chain compounds have a lower boiling point, so will 
condense further up the column, where it is cooler. 


The density and viscosity of members of a homologous series also increase with 
carbon chain length. 


G Linking question @ AN 


What is the influence of the carbon chain length, branching and the.nature of 
the functional groups on intermolecular forces? (Structure 2.2) 


Naming organic compounds (Structure 3.2.5) 


With the existence of millions of different chemical’substances, names heljpuus to 
differentiate them. The name of an organic compound needs to provide enough 
information to identify the class of the compound, theength ofits longesticarbon 
chain, and any substituents and functional groups present. A substituentis any 
part of an organic compound that is not parbof the longest carbon,chain. For 
example, any alkyl group in anfalkane compound that is not part of the main 

chain is considered a substituent..An alkane with alkyl substituents is known as a 
branched-chain alkane» 


The International Unionof Pure and Applied Chemistry (IUPAC) has developed 

a universal chemicalyfaming system for botherganic and inorganic compounds: 
IUPAC nomenclature. IUPAC nomenclature rules helps chemists to avoid 
confusion, eliminate language barriers, and freely communicate knowledge. An 
overview of the IUPAC naming system for organic compounds is shown in figure 7: 


the longest carbon chain that 
includes the principal group, 


or the most complex cyclic suffix indicating 
or heterocyclic system the principal group 
in RS E 
-ane 
a b ë etc. principal (parent) chain | -ene 
prefixes suffixes indicating 
in alphabetical order saturation or unsaturation 


ofthe principal chain 


A Figure7 Outline of the nomenclature of organic compounds 
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Naming alkanes 


Alkanes are saturated organic molecules that only contain 
carbon-carbon single bonds. You can use the following 
steps to deduce the IUPAC name of an alkane: 


1 Examine the structure of the compound and determine 
the longest continuous carbon chain. This provides the 
root name for the alkane depending on the number of 
carbon atoms (table 8). If an alkane is a straight-chain 
molecule, its name is the same as its root name. All 
alkanes have the same suffix: -ane. 


Number of carbon atoms Name 


] methane 
2 ethane ad] 
3 propane 
4 butane 
i a 5 | pentane | 
6 | hexane 
A Table8 IUPAC root names for the alkane series 
2. Ifalkyl substituents are present in the compound, the 


name of a substituent is determined by the number of 
carbon atoms, with the suffix changing from “anei ‘to 
-yl". Some examples are shown in table g 


m 


f a ~~ methyl 
\, H—+C—H As substitlent 


`S 


H wh 

| | l 
Co 

it Cf 

H HeH H 


Condensed 
formula 


Substituent 
name 


Number of carbon 


atoms in alkyl group 


aN methyl à 
2 ethyl PECH,CH3 
ee a. “VpropyM ad | -CH-CH:CH; 
y 4 abuni | -CH,CH,CH,CH; 


A Table 9 IUPAC.names for the alkyl substituents 


3. Youan specify.the position of a substituent by 
assigningynumbers, known as locants, to the main 
carbon.chain: The carbon chain is numbered such that 
the substituent is given the lowest value locant. 
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In the example below, numbering from left to right results in the 
methyl substituent being on carbon 2. Numbering from right to 
left would incorrectly have the substituent on carbon 5. 


H 
l 
== 
HHH 
H-¢-c- c-t- Ny 
12 pAs, 
HAH A) Hh 


4. The name of the alkyl substituent goes before theroot 
name as a prefix, and a hyphen is used to separate the 
locant number and the prefix. Thereforesthe above | 
compound is,éalled.2-methylhexane. 

5. Ifther@are multiple different substituents, they are arranged 
in alphabetical order prior to the root name: For example, 
the below compound is called 3-ethyl:-2-methylhexane. 


a PRR T 
4 f l — ethyl 
+ —C-H i Substituent 
\ | 

\H-C— Am 


mie 

Lo A 

D ea e O eA 
l 


E & Ww pp 3-ethyl-2-methylhexane 


H Reg/H 
: É =gh `\— methyl 
wH ~ substituent 


6. Ifthere are multiple identical substituents, the number 
of substituents is indicated by a multiplier before the 
substituent name, as summarized in table 10. 


Number of identical substituents | Multiplier name 


2 di 
3 tri 
4 tetra 
| 5 penta 


A Table 10 Numerical multipliers in the IUPAC nomenclature 


The locants of each substituent are separated by a 
comma. For example, the below compound is called 
2,3-dimethylhexane. 


| 
-C-H 
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Structural isomers are compounds that have the same molecular formula but 
different structural formulas. Different isomers have unique physical and chemical 
properties. In the following worked example, we will look at the structural isomers of 
the hydrocarbon hexane, and practise using the rules above to name these isomers. 


Worked example 1 


Three different structural isomers of hexane, CgH;2, are shown below. Using the IUPAC nomenclature) 


name these isomers. 


a. H b. H c H 
Terea a * 
i et | H | 4 HN 4 
—C— IEEE re Soe a 
H Ha |e 1 lati 
i {~ 
H H 


Solution 

a. First, count the number of carbon atoms in the 
longest straight carbon chain. There are five carbon 
atoms, so the parent chain is pentane. 


Then, number the carbon chain so that the 
substituent has the lowest possible locant. The 
methyl (—CH;) substituent is bonded to Carbon 2. 


The IUPAC name for this compound is 
2-methylpentane. 


b. There are four carbon atoms in the longest straight 
carbon chain, and so the parent chain is butane: 


In this case, the direction of numbering ofthe 
carbon chain is inrelevant. as the compound is 
symmetrical, so both approaches would give the 
same locants for the substituents, 


Practice questions 


9. Applying |UPAG nomenclatureyrules, state the name of 
each of the following compounds: 


F CH3 — Chim CF CH — CH2 — CH3 
| 


CH3 
CH3 
b./CH3— CH2- C- CH —CH -CH3 
CH Ch; 
CH2— CH3 
c. CH3—CH2—C CH CH3 
CHa CH CH3 


10. 


There are two methyl (—CH;) substituents, one 
bonded to carbon 2 and one to carbon 3. 


Since the.two substituents are identical, a numerical 
multiplier isrequired to indicate the number of 
thesé substituents. In this case, di indicates two 
substituents. 


ThedUPAC name for this compound is 
2,3-dimethylbutane. Remember that commas are 
used between numbers, and hyphens are used 
between a number and a letter. 


Like b, the parent chain is butane. Two methyl 
(-CH;) substituents are bonded to carbon 2. 
The IUPAC name for this compound is therefore 


2,2-dimethylbutane. 


Draw the structural formulas of the following 
molecules: 


a. 2,2,3-trimethylpentane 
b. 5-ethyl-4,4-dimethyloctane 
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Naming alkenes 


Alkenes are unsaturated organic molecules that contain a carbon-carbon double 
bond. The IUPAC nomenclature rules for the naming of alkene molecules are the 
same as those for the alkane series. All alkene names end with the suffix zene, 
instead of -ane used for alkanes. 


The following compound has both a carbon-carbon double bond, and an alkyl 
side chain. 


H3C—CH=CH—CH —CH>—CHé 
i 2 & ww 6&2 2 
CH3 


When you number the longest carbon chain, the position of the carbon=carbon 
double bond must have the lowest locant, taking priority’over any substituents 
present in the molecule. Numbering from right to left would incorrectly place the 
carbon-carbon double bond on carbon-4Therefore, numbering oceurs from 
left to right in this example. 


With the methyl (-CH3) substituentat locant 4, the name of this molecule is 
as follows: 


double 
substituent bond 
name focant 


4-methylhex-2-ene 


r y \ 


methylSubstituent parent suffix indicates 
locant chain unsaturation 
Worked example 2 
Using the IUPAC rules, name the following alkenes. 
a H H b H 
| | # 
H—C—H 
H—C—C—S SC A 
INY \ H H H | HH 
E al 
ae Au JH H PEE a 
H H | H 
eer 
Solution H 
a. | There are four carbonjatoms in the longest straight b. There are six carbon atoms in the longest straight 
carbon chain,so theparent chain is butane. carbon chain, so the parent chain is hexane. 
The moleculeicontains a carbon-carbon double The molecule contains a carbon-carbon double bond, 
bondy so the suffix changes from -ane to -ene. so the suffix changes from -ane to -ene. 
Numbering the carbon chain from right to left gives The double bond follows carbon-2 in the longest 
the unsaturated carbon—carbon double bond the carbon chain. Two methyl (—CH;) substituents are 
lowest possible locant. The double bond follows bonded to carbon atoms number 4 and 5. 
caroeml. The IUPAC name for this molecule is 
The IUPAC name for this compound is but-l-ene. 4,5-dimethylhex-2-ene. 


Structure 3.2 Functional groups: Classification of organic compounds 


Naming halogenoalkanes 


When naming halogenoalkanes, the position of the halogen substituent is 
identified by the locant on the parent chain. Table 11 lists the prefixes used for 
each halogeno group. 


For derivatives of methane and ethane featuring only one halogeno group, all 
locants for the substituent are equivalent, so they are omitted. Consider the 
following compound: 


Moving the bromine atom to other positions will form the same molecule. The 
IUPAC name for this molecule is bromoethane, not 1-bromoethane. 


For a halogenoalkane with more than one halogeno group, list the halogens in 
alphabetical order. For example, the following compound is named 2-chloro- 
],1,1-trifluoroethane. 


F H 


F—C—C—H 


F CI 


lfa halogeno compound also features a carbon=carbon double bond, the 
double bond takes priority over the halogeno group in terms of assigning 
locants. So the following molecule is 3-ehlorobut-l-ene, not 2-chlorobut-3-ene. 


Ag H 


A—c— ccf 


H Cl 
z 4 a 
Practice\questions K Av 
11“ Apply thé IUPAC nomenclature rules to deduce the c. Cl 
# “names of the following compounds. Diii 
\ $ HA By H Br 


Halogeno Substituent 
name 
—F fluoro 
-CI h Do 
| —Br bromo 
| à iodo, 


A Table 11 Names of halogeno 
substituents 


| | | | 12. Deduce the structural formulas for the following 


; KÁ TT compounds. 


H cd oc H a. 2,3,4+tribromohexane 


b.  1,3-dibromo-2-chlorobutane 


c. 2-fluorobut-2-ene 
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Naming alcohols 


All alcohols contain the hydroxyl (OH) functional group. When naming alcohols, 
you need to change the parent chain suffix from -ane to -anol. The carbon chain 
is numbered such that the hydroxyl group has the lowest possible locant, taking 
priority over other substituents or carbon-carbon double bonds. 


The simplest molecule in this homologous series is methanol. The firsttwo 
members of this homologous series do not require locants. This is because the 
hydroxyl group in any position results in the same molecule)as seen in methanol 
and ethanol below. 


| N 
— “A a 

H H H 

methanol ethanol 


Alcohol compounds with three or more carbonratoms require locants to specify 
the position of the hydroxyl group. Theslocant comes before the -ol suffix, 
for example: 


HAH H H H H 

| 
EK aie 
H H A H OH H 
propan-l-ol propan-2-ol 


Naming compounds.with carbonyl groups 


The carbonyl grotif(C=O) is the functional group for two classes of compounds: 
aldehydes and ketoneswin aldehydes, the carbonyl group is always positioned 

at the end.oefthe carbon chain. This is known as the terminal position. There is 
noneedto number the carbonyl group in aldehydes, as it always occurs at the 
end,of theichain. When the aldehyde includes a substituent, the numbering of 
carbon atoms begins at the carbon attached to the carbonyl group. For example, 
aldehyde names have the suffix -al, so ethane becomes ethanal. 


When the carbonyl functional group is not located at the terminal position in the 
primary carbon chain, the compound is a ketone. In ketones, the carbon chain 
is numbered such that the carbonyl group has the lowest possible locant, taking 
priority over other substituents or carbon-carbon double bonds. Ketone names 
have the suffix -one, so propane becomes propanone. 
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Worked example 3 
Using the IUPAC rules, name the following aldehydes. 
a @ 9 (Cink 
„4 || lt, 
H—C —C — C —C —C 
z Lib % 
H 
c. H F H A 
| | | 
ee a 
iret a 
H H H 
Solution 


a. The parent chain comes from the C,alkane, methane. 


The molecule contains a carbonyl group in the 
terminal position, so the suffix -ane becomes -al. 


There are no substituents, so the IUPAC name is 
methanal. 


b. The parent chain comes from the C; alkane, pentane 


and the suffix becomes -al. 


The carbon numbering starts from¢the,carbony! 
group, and therefore the methyl substituent is 
attached to carbon-4. 


The IUPAC name is4-methy!pentanal. 


c. This is an example of an aldehyde featuring a halogeno 


substituent. Theyparent chain comes from the C4 
alkane, butane, and the suffix becomesy-al. 


The carbon numbering starts.from the carbony! 
group, andtherefore the fluoro substituent is attached 
to.carbon-3: 


The IUPAC name is 3-fluorobutanal. 


Worked example 4 

Using the IUPAC rules, name the following ketones. 

a. H H b. a H 
| | 7| 

FLCC —T — l —H L— F— C—C 

| oil | | | || 
mb O Th H HO 

Solution 


a. The parent chain comes from the C3alkané, propane. 
The molecule contains a €arbonyl group that is not in 
the terminal/position, so the suffix becomes -one. 


Lhe IUPAC nameiis propanone. Theilocant is not 
required because propanone is the only three-carbon 
ketone thatcan exist; if the carbonyl group were 

at carbon-] or carbon-3, it would be an aldehyde. 
Therefore, all theinformation required to deduce the 
structure is in the name “propanone’. 


Naming carboxylic acids 


I— 0O— I 
aa 


b. The parent chain comes from the C4alkane, butane, 
and the suffix becomes -one. The locantis not 
required, as this is the only four-carbon ketone that 
can exist. So the final IUPAC name will be butanone. 


c. The parent chain comes from the C;alkane, pentane, 
and the suffix becomes -one. The carbon atoms are 
numbered from right to left such that the carbonyl 
group has the lowest locant. The carbonyl group is 
at carbon-2, and the methyl group is at carbon-4. 
Therefore, the IUPAC name is 4-methylpentan-2-one. 


Carboxylic acids are a class of compound featuring a carboxyl group (-COOH). 
Carboxylieacids have the suffix -oic acid. So a carboxylic acid with an ethane 


parent chain is called ethanoic acid. 


277 


Structure 3 Classification of matter 


In carboxylic acids, carbon chains are numbered starting with the functional 
group, including the carbon from the carboxyl group in the chain. Like in 
aldehydes, there is no need to assign locants to carboxyl groups, as they are 
always in the terminal position. Here are two examples of carboxylic acids: 


H H a H CHH H o 
| | | | | | 
Br—c—c—c% oo a T 
| | Non | | | | A 
H H H H H_H 
3-bromopropanoic acid 4-methylpentanoic acid. 
Practice questions m Yy 


M ` 


13. Draw the structures of the following molecules based on the IURAC name 
given: 
a. hexan-3-one b.)2-chloropropan-l-ol 
c. 3,3-dimethylpentane, dy 5-ethyl-2-methylhept-3-ene 
e. 2-methylpentan-2-ol 


14. Apply IUPAC nomenclature rules to name the following molecules: 


a. CH3CH3CH=CHCH2CH,CH3 
b. CH3 c. Cha 
G@H3CHCH—=€GH3 CH3CCH2OH 
CH3 CH3 
d CH3 e O 


O 
L 
oO 
Q 
P 
O 
wd 
nN 
O 
a; 
@ 
aE 


A Figure 8 Methanoic acid, commonly 
known as formic acid, occurs naturally, in O 


some ants 


Scientists collaborate across the world, and agreed-upon terminology 
facilitates unambiguous communication. The naming rules you have learnt 
in this chapter enable you to communicate chemical compounds using both 
structures and names. If you look at the ingredients listed on the label ofa 
bottle of a personal hygiene product such as shampoo, you will now be able 
to recognize some of the naming stems and suffixes. 

The standardization of organic nomenclature encourages the use of 
names that follow IUPAC guidelines, but certain non-systematic names 

are still used widely. Many of these allude to the uses and characteristics 
of substances. For example, methanoic acid is commonly known as 

formic acid, after the Latin for ant: formica. If you speak Italian, French, 
Portuguese or Spanish, you will recognize this as the root of formica, 
fourmi, formiga and hormiga, respectively. 

In some cases, IUPAC names are far too long to be useful. For example, the 
IUPAC name for the mild painkiller ibuprofen is (RS)-2-(4-(2-methylpropyl) 
phenyl)propanoic acid. 
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Structural isomers (Structure 3.2.6) 


Structural or constitutional isomers are compounds that have the same 
molecular formula but different connectivity of the atoms. There are several types 


of structural isomers. 
Chain isomers 
Chain isomers are structural isomers with different lengths of carbon chains. For 


example, butane and methylpropane both have the molecular formula C4Hyo. gy, 
Butane is a straight-chain molecule because it has no substituents on the carbon ae 


chain. However, methylpropane is a branched-chain molecule, because it has an 
alkyl substituent. 
Isomer butane methylpropane 


Molecular formula 
@ f 
H H H H 
| | @—C—H 


Full structural formula H—C —C — C] H 
| | | H-C-H 


Condensed structural formula 


Skeletal formula 


here the pasitio e functional 
group changes. For e le, bromopentane has three different positional 


isomers, all with the m formula CghinBr. 
Isomer S 2-bromopentane 3-bromopentane 


Molecular 
formula ) CsHyBr 
H O H H H H H H H H H H H H 
Ful | i i i i} i id 
a = C C—C—H | H—C—C—C— C—C H | H—C—C—C—C—C—H 
| | | fet FEI | | | to 
H  H Br H HH Br 4H H HBr H H 
Skeletal ee: Br t aii 
formula Pl B 
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Worked example 5 


Draw the structural formulas of all possible structural isomers of a compound with 
the molecular formula C,HoF. Name the isomers using IUPAC nomenclature. 


Solution 


First, draw the longest possible straight carbon chain. For 
this molecule, it is a four-carbon chain. 


Next, number the carbon chain and place the fluorine 
substituent on the carbon chain in as many positions as 
possible, then add the hydrogen atoms. Remember that 
the numbering of the carbon chain can occur in either 
direction. 


H H H H 
ee 
H—c_—-c2-c# ct +H 
a ae 
F H H H 
]-fluorobutane 
H H H H 

(LAN 
H—C—C—@— CNH 
| I Nl 
H k H H 


2-fluorobutane 


3-fluorobutane and 4-fluorobutane are not possible 
isomers: 3-fluorobutane is equivalent to 2-fluorobutane, 
and 4-fluorobutane is equivalent to 1-fluorobutane, and 
the lower locants are favoured. 


Having identified and named all the butane isomers, 
you need to look at possible chain isomers. Shorten the 
longest chain by one carbon,creating a propane chain. 


To share the sdmeé molecular formula as thelisomers’above, 
you need to add amethy! groupo the propanerchain. For 
this molecule, the only possible position is on the central 
carbonjin the chain, as adding the\methy|. group anywhere 
elsewill create a four-carbon butane chain. 


i 
bi —C RH 
l | 
Wy-C-—C— 
Ib 
Then, position the fluorine substituent on the carbon chain 
in as mManyways as possible to create unique molecules. 
i i 
20a PEN 
lokai a 
=H—C=—C—F pe | es (Coes rely 
all ik Pie al 
H F 
]-fluoro-2-methylpropane —2-fluoro-2-methylpropane 


Draw and name all the structural isomers of chloropentane, Cs5H,Cl. 


Structure 3.2 Functional groups: Classification of organic compounds 


Primary, secondary and tertiary compounds 


Changing the position of the functional group on the parent carbon chain affects 
the chemical properties of compounds. You can classify compounds such as 
alcohols, halogenoalkanes and amines as primary, secondary and tertiary, 
depending on the position of the functional group. 


In halogenoalkanes, a halogeno group is bonded to a carbon atom. In order to 
determine whether the compound is primary, secondary or tertiary, we count 

the number of carbon atoms bonded to this carbon atom. A primary (1°) carbon 
atom is bonded to one other carbon atom, a secondary (2°) carbon atom is 
bonded to two other carbon atoms, and a tertiary (3°) carbon atom is bonded to 
three other carbon atoms (figure 9). 


H 3° carbon 
1° carbon 2° carbon H=C=H 


H 
| F, p I 
H=C=CH=C=—Cl H=C=C=C=H H=C=C=—C=H 
| | Il l | | 


CI Cl 


]-chloropropane 2-chloropropane —_2-chloro-2-methylpropane The reaction mechanisms 
and conditions used to form 
J primary, secondary and tertiary 
halogenoalkanes are discussed in 
Alcohols are classified in the same way as halogenoalkanes: the number of Reactivity 3.3. 
carbon atoms attached to the carbon atom next to the functional group indicates 
the class of the alcohol (figure 10). 


A Figure 9 Primary (1°), secondary (2°) and tertiary (3°) halogenoalkanes 


1° carbon 2° carbon H>C—F. 3° carbon 
A 


F. H Va 

| | L If | ! 
H—C—C—C—OH H-N- E -cC -C-H 
| | ef out H ai Primary, secondary and tertiary 
alcohols form different products 


in oxidation reactions. This is 
A Figure 10 Primary (1°), secondary (2%) and tertiary (3°) alcohols discussed in Reactivity 3.2. 


propan-l-ol propan-2-ol 2-methylpropan-2-ol 


Classification of amines as/primary, secondary or tertiary is slightly different to the 
method used with alcohols andshalogenoalkanes. Amine classification depends 
on thernumber of alkyl groups-bonded directly to the nitrogen atom of the 
functional group; unlikehalogenoalkanes and alcohols that consider the carbon 
atom next to the functional group. 
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When naming amines, the parent name loses the suffix -e, which is replaced by 
“amine”. When naming secondary and tertiary amines, N is used to signify that 
the substituents are bonded to the nitrogen atom. In figure 11, the substituents 
are methyl groups. 


1° amine 2° amine 3° amine 
H H H H Ht A f ei d [ 
L- & A yu 1 O Cha Ll Ji T 7CH3 
H-C—~C—~C—No H-C—C—C—No fe Se C¥C—N. 
he fe i H ar d H = | CH3 
H H H H H H HH H 
propan-l-amine N-methylpropan- N,N-dimethylpropan- 
J-amine J-amine 


A Figure 11 Primary (1°), secondary (2°) and tertiary (3°) amines 


Practice questions RN si \ y i 


15. Propan-2-ol is a useful organic solvent. 
a. Draw the skeletal formula of propan-2-ol. 
b. Classify propan-2-ol as a primary, secondary or tertiary alcohol, giving a reason. 


16. Deduce which of the following is a secondary alcohol. 


A. B. 
OH 
H—C—y 
ii wN II 
H—C——C—AC—H H— A É —-C ——C —H 
| | y | | 
H  H.(H H O H CH3 H 
C D 
HE ÑH H H CH H H 
tw | al Ll | | | 
Ha C&—C—C—3¢ =H H—C— CCC HH 
2 | | | | ft | 
HOH H H OH H H 
iy" 
OH 
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Structure 3.2 Functional groups: Classification of organic compounds 


Functional group isomers 


Functional group isomers are structural isomers with the atoms arranged 
differently such that they have different functional groups. 


Compounds with hydroxyl and alkoxy functional groups can be structural isomers 
of each other. For example, consider the molecular formula C3H,O. Functional 
group isomers of this molecule include ethanol, an alcohol with a hydroxyl group, 
and methoxymethane, an ether with an alkoxy group. 


H H H H 


C=C 0h: HEGO Cae 
H H H H 
ethanol methoxymethane 
Aldehydes and ketones can be functional group isomers of each otherpas they 
both have carbonyl groups. Propanone, the simplest ketone, is a functional 
group isomer of propanal. Both isomers have the molecular formula GHO. 


H H 5 H H 

| | | | 
a a H— C—C -IN 

[ J % | WMA 

H H H,°@ Nia 

propanal propanone 


Compounds with ester and carboxyl groups can also be functional group 
isomers. The simplest ester, methyl methanoate.C;H,Oz, is an isomer of the 
carboxylic acid, ethanoic acid. 


O 
2o H | 
H—c& | — AK 
OQ C—H | O—H 
H 
methyl.methanoate ethanoic acid 
Propan-l-ol, propan-2-ol and. methoxyethane all have the 3. Create digital models of the three isomers using 
molecular formula C3HgQ, In this task, you will reflect on online molecular visualization software (for example, 
the information obtained from different types of formulas MolView). Explore the different visualization 
and models of these substances. possibilities, including: ball and stick model, space- 
filling model, molecular electrostatic potential 


Relevant skills (MEP) surface. 


4. Compare and contrast the strengths and uses of each 
of the various formulas and molecular models. 


* » Toole]: Physical and digital molecular modelling 
Instructions 


1. State the full structural formula, condensed 5 
structural formula and skeletal formula for each of : 
the three isomers. 


How does the molecular structure of these three 
compounds relate to their physical properties and 
reactivity? 
2. Using a molecular model kit, construct models of the 

three isomers. 


283 


Structure 3 Classification of matter 


a G Linking question 


284 


E How does the fact that 

there are only three isomers 
of dibromobenzene 
support the current model 


of benzene’s structure? 
(Structure 2.2) 


H H H 
H H 
eo 
= 
H H H 
4 H 
staggered eclipsed 


A Figure 13 The two conformers 
of ethane, viewed along the 
carbon-carbon bond 


II 


A Figurel4 Typèsofconfigurational 
isomerism 


@ Thinking skills 


In the Molecular models task, you gathered information about three 
compounds, including: types of formulas, types of models, discussion of 
strengths and properties. Reflect on how this information could be organized: 
Would you opt fora table, Venn diagram, concept map, or anything different? 
Do you have a preferred method? Why does effective organization of 
information support learning? 


Stereoisomers (Structure 3.27) 


Another type of isomerism exhibited by some organic compounds is 
stereoisomerism. A pair of stereoisomers have the same moleculanformula, 
connectivities and bond multiplicitys however, they have different spatial 
arrangements of the atoms. Stereoisomers can be subdivided,into two major 
classes: conformational isomers and configurational isomers (figure 12). 


ational 
isomerism 


A Figure 12 Types of isomerism 


Ifa molecule contains two groups bonded together by a single bond, these 
groups.can rotate about the single bond to form different conformational 
isomers. For example, in ethane, CH3CH3, the two CH; groups can rotate 
about the carbon-carbon bond resulting in two possible orientations, known as 
conformational isomers or conformers (figure 13). 


This process does not involve breaking any bonds, and itis virtually impossible to 
separate the individual conformers. 


Configurational isomers can only be interconverted by breaking and reforming 
bonds. Configurational isomers can be subdivided into cis-trans isomers and 
optical isomers (figure 14). 


Cis—trans isomers 


In aliphatic alkenes, groups bonded to the unsaturated carbon atoms are not 
able to rotate about the carbon-carbon double bond. If these two groups are 
different, two isomers can exist: a cis isomer where two identical substituents are 
on the same side of the carbon-carbon double bond, and a trans isomer where 
two identical substituents are on opposite sides of the double bond. In Latin, cis 
means “this side of” and trans means “the other side of”. 


Structure 3.2 Functional groups: Classification of organic compounds 


For example, the symmetrical molecule of but-2-ene has cis-trans configurational 
isomers about the double bond (figure 15). The horizontal axis of the double 
bond is the reference plane: it is used to determine whether an isomer is cis or 
trans, depending on which groups are either side of the plane. 


= 
<= 
< 
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eseseo pa Eo ae 
H3C CH CH3 
cis-but-2-ene trans-but-2-ene 


A Figurel5 The cis-trans isomers of but-2-ene 


In figure 15, the cis-isomer of but-2-ene has the two methyl subStituentstoñ the 
same side of the reference plane, while the trans-isomer hasthe two.methy!| 
substituents on opposite sides of the reference plane. 


For an alkene to exhibit cis-trans isomerism, the twO.groups attached to 

each unsaturated carbon atom have to be different. Forexample, propene, 
H,C=CHCH;, will not experience cis—trans isomerism because.one of the.carbon 
atoms has two identical groups (hydrogen atoms), so the potential isomers will 
also be identical (figure 16). 


aai C Or. r A a 
Hac” May P £ Kory 
propene alsojpropene 


A Figure 16 Propene does not exhibit cis—trans isomerism 


Cis—trans isomerism,also occurs in disubstituted cycloalkane molecules. In this case, 
the reference plane is the flat face of the ring structure. For example, the compound 
1,2-dimethylcyclobutane has cisetrans\eonfigurational isomers (figure 17). 


The cisisomer has both methyl substituents on the same side of the plane of the ring. 
The trans-isomer has methyhsubstituents on opposite sides of the plane of the ring. 
Disubstituted threé-carbon rings also experience cis-trans isomerism (figure 18). 


Hg CH3 H2 CH3 
A é | c H CH» | che 
ANN CH cH a oil OH 
| . SF: Peeler | Ay] Ls! 
Ch; H Cr Bh, H C-e, 
CH3 HP 0522 ee CH3 | 06 ce | a 
CH3 ~ CH3 ~ CH3 CH3 
cis trans cis trans 
A Figure 17 The cis-trans isomers of A Figure 18 The cis-trans isomers of 
1,2-dimethylcyclobutane 1,2-dimethylcyclopropane 


Structure 3 Classification of matter 


H3C NH2 

O 

P 

Hs—c— CA 

Va. OH 
hc h H 


A Figure 19 Penicillamine has the 
IUPAG name 2-amino-3-methyl- 
3-sulfanylbutanoic acid 
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Practice questions 


17. Deduce and draw the cis- and trans-isomers of 
hex-2-ene. 


18. For each of the following molecules, state whether they exhibit cistrans 
isomerism. For the molecules that do, deduce whether they are inthe eis 
or trans configuration. Name each molecule using IUPAC rules. 


a b. 

H XS y CM2CH3 \ Z @H2CH2CH3 

CEC CI 

Hac NH i Xh 
€ d: 

H3CH2C x ff CHaCHg 3C a A H 

Sc CZs 
H NH eo “Nu 


19. Draw the structural formulaof the following compounds; and then deduce 
if they can form cis=trans isomers. 


a. 2-bromoprop-l-ene bs pent-2-ene 
c.  1-bromo-2-chloroethene d. 1,1-dibromobut-l-ene 
e.  1-ethyl-2-methylcyclopropane f. 2,3-dimethylpent-2-ene 


Optical isomers 


A chiralcarbon is defined asiaccarbon atom bonded to four different atoms 
orgroups of atomsst is also known as a stereocentre or asymmetric centre. 
Molecules withone onmore chiral carbon atoms exhibit a type of configurational 
isomerism called optical isomerism. A pair of optical isomers are called 
enantiomers. 


Chiral'moleculés have the ability to rotate plane-polarized light; this is known as 
optical activity. 


Penicillamine is a drug used in the treatment of rheumatoid arthritis. It has the 
molecular formula Cs;H,,NO.S. Its structural formula is shown in figure 19. 


Carbon-] is only bonded to three atoms, so it is not chiral, or achiral. Carbon-2 
and carbon-3 each have four bonded atoms or groups. However, two of the four 
groups bonded to carbon-3 are identical (the two methyl groups), so carbon-3 is 
achiral. Carbon-2 is bonded to four different atoms or groups of atoms, and it is 
therefore chiral. The presence of this chiral carbon atom means that penicillamine 
is optically active and can exist as a pair of two different enantiomers. Enantiomers 
are non-superimposable mirror images of each other, and they have no plane 

of symmetry. 


Structure 3.2 Functional groups: Classification of organic compounds 


Structural formulas, like the one in figure 19, provide information on how the 
atoms and groups present in a molecule are connected. However, these formulas 
do not allow you to differentiate between enantiomers in a molecule with a chiral 
centre. As a result, enantiomers are drawn as three-dimensional structures known 


as stereochemical formulas (figure 20), where specific symbols are used to 
designate the direction of a bond (table 14). 
Name Symbol Directionality 
| line bond | C= aligned with the plane of paper 
| wedge bond | c— coming out of the plane (towards the viewer) 
| dash bond | Co | going behind the plane (away from the viewer) 


A Table 14 Summary of directional bonds used in stereochemical formulas 


You will recall from Structure 2.2 that a central atom with four regions of electron 
density adopts a tetrahedral arrangement with bond angles of 109.5° For the 
tetrahedral arrangement around a chiral carbon atom, two of the bonds are 
usually drawn as line bonds, one as a wedge bond, and one as a dashibond» 
Wedge and dash bonds are tapered, meaning that they start off narrow.from,the 
carbon atom and widen. 


To draw the enantiomer of a stereochemical formula, you néed-to draw its 
mirror image. For example, the stereochemical formulas of the penicillamine 
enantiomers are shown in figure 21. 
mirror plane 
H2N 


Cc 
HS(H3C)2C "00H 
H 


NH2 


c 
Hooc "A Sc(CH3)9SH 
n! 


CT AS ee 


A Figure 21 Enantiomers of penicillamine 


Enantiomers, like those in figure 21, are non-superimposable. This means that if 
you were to creat®3 D models of them.using aimolecular model kit, it would be 
impossible to align the.models such that the functional groups of the same type 
point in the same direction. However if youwere to hold a mirror to one of the 
enantiomers, the mirror image would, show the structure of the other enantiomer. 


H — 
I 
SON < 
| 
NÍ CH3 
OH 
X NH2 
HO 
OH 
O 
OH 
NH2 
| | 
HO, O 


A Figure 20 All of these molecules have 
achiral carbon atom, designated by *. 
Nicotine (top) is naturally synthesized 

by the tobacco plant, norepinephrine 
(middle) is a neurotransmitter, and 
thyroxine (bottom) is a hormone from the 
thyroid gland 


Figure 22 Molecular models of the 
enantiomers of 2,3-dihydroxypropanal, 
HOCH,CH(OH)CHO. Can you identify 
the chiral centres? 
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Worked example 6 


Draw the stereochemical formulas of the two enantiomers of 
2-aminopropanoic acid showing a tetrahedral arrangement around the 
chiral carbon atom. 


Solution 


First, draw the structural formula to deduce which carbomiatom is chiral. 


H H 3 
| 

H—C—C- 7 
| | 4 Son 
H NH> 


The chiral carbon atom is marked with,an asterisk. Itis attached tofour 
different atoms or groups of atoms: a hydrogen atom and methyl, amino and 
carboxyl groups. 


To draw the stereochemical formula, arrange the atoms and groups around 
the chiral carbon atom such that one is projected out of the plane of the 
paper (wedge bond), one is projected/behind the plane of the paper (dash 
bond), and two atoms’or groups of atoms are in the plane of the paper (line 
bonds). This.gives you your first enantiomer 


H 


| 


on 
HEC COOH 
NH2 


It does not matter which bond is assigned to which group for this first 
enantiomer, as the bonds in the tetrahedral structure are all equivalent. The 
wedgesvand dashes are just used to give you a sense of the 3D structure. 


Finally, tordraw the other enantiomer, draw a dashed vertical line to represent 
a mirror and draw the reflected image of your existing enantiomer. 


H ‘ H 
| | 


E : c 
Hac < Y*COOH!HOOC “7 CH3 
NH? | HN 


Make sure that the connectivities between the central atom and the groups 
are correct. For example, the methyl group has been reversed (H;C) in the 
left-hand image to correctly show a carbon to carbon bond. 
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Earlier, we discussed the cis-trans isomerism of a cycloalkane, 
],2-dimethylcyclobutane. The trans-isomer of this molecule also exhibits optical 


isomerism. This is because its mirror images are non-superimposable (figure 23). 


Different enantiomers of the same compound have different odours. Our 
perceived taste can also be affected by a specific enantiomer present in foods. 
The different chemical properties of enantiomers are identical in non-chiral 
environments, but become different in the presence of other chiral compounds, 
such as biological molecules in the human body. 


A pair of enantiomers under the same conditions will rotate plane-polarized 
light by the same angle, but in opposite directions (figure 24). One enantiomer 
rotates the plane of polarization clockwise and is designated the (+) enantiomer. 
The other enantiomer rotates the plane of polarization anti-clockwise and is 
designated the (-) enantiomer. 


light 
source 


Fs unpolarized 


= J light 


polarizer 


pure enantiomer 


polarizer 


A Figure 24 Rotation of plane-polarized light by a pure enantiomer 


A 50:50 mixture ofttwo enantiomersiis calléd_a’racemic mixture (or racemate), 
and it does not rotate plane-polarized light. 


For each of the following molecules, complete the tasks (a)-(c): 
i. , butan-2-ol, C4H00 
ii. 2+hydroxypropanoic acid, C3H.O3 


a. »ldentifyand explain which carbon atom is chiral. 


b. Draw,stereochemical formulas showing the tetrahedral arrangement 
around the chiral carbon atom. 


c. Construct 3D models for the pair of enantiomers. 


A 


viewer 


mirror plane 
H3C ' CH3 


— 
T 
< 


H3C i CH 


A Figure 23 Thevoptical isomerism of 
trans-],2-dimethyleyclobutane 
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Optically active compounds rotate plane-polarized light. 
Here you will explore this phenomenon using simple 
polarizing filters, and consider ways to develop the 
investigation further. 


Relevant skills 


Inquiry 1: Demonstrate independent thinking and 
creativity in the design of an investigation 

Inquiry 
Inquiry 
Inquiry 2: Identify and record relevant qualitative 
observations 


: Identify control variables 


: Design and explain a valid methodology 


Safety 
Wear eye protection. 


Your teacher will provide you with further safety 
precautions, depending on the identity of the substances 
being analysed. 


Materials 


Two polarizing filters 

Light source, for example, a mobile phone flashlight 
or torch 

Clear glass tube with a clear cover at ong end, for 
example, a measuring cylinder 

Clamp and stand 

Samples of optically active substances, such as 
sucrose, glucose or fructose. 


Instructions 


ile 


The operationaldetails of the mass 
spectrometer are discussed in 
Structure 1.2. 


Prepare aqueous solutions of the substance(s) you 
wish to test. Setithem aside. 


Place the light souree on a flat surface, pointingup. 
Placé a polarizing filter over the light sources 


Pour distilled water into the tube and clamp it in place 
above the source of plane-polarizedilight. 


Record the heightofwatenin the tube. 


5: 
6. 


7 


3 


Place the second polarizing filter above the tube. 


Dim the lights and look at the light source through the 
second polarizing filter. 


eae — polarizing filter 


sample 


SS polarizing filter 


9A lightsourcè 


Rotate the second polarizing filter and observe the 
changesito the light intensity. 


Repeatthe experiment, this time placing one of 
yourprepared solutions in the tube. Explore the 
effect of this solution on the rotation of plane- 
polarized light. 


Questions 


ilk 


List'some of the variables that you must keep constant 

in order.to explore the effect of different compounds 

on the rotation of plane-polarized light. 

Identify and explain the changes you would make 

to this method in order to do one or more of the 

following: 

e measure the angle of rotation 

e investigate the effect of concentration on the 
rotation of plane-polarized light 

e investigate the effect of path length on the 
rotation of plane-polarized light 

e investigate the effect of the composition of a 
mixture on the rotation of plane-polarized light. 

Show your ideas to your teacher, and if you have time, 

try them out. 


Mass spectrometry (MS) (Structure 3.2.8) 


Mass spectrometry (MS) is an analytical technique that can be used to break up 


organic compounds into fragments, some of which will be ions. This is known 
as fragmentation. The molecular masses of these fragments will correspond to 
the masses of certain functional groups or parts of the carbon chain. As a result, 


MS can be used to obtain information about the functional groups and structural 
fragments present in an organic compound. 


The molecular masses of the different fragments are recorded in a graph called 
amass spectrum. The different peaks within a mass spectrum are known 
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collectively as a fragmentation pattern. The peak with the highest mass to 
charge ratio (m/z) ina mass spectrum corresponds to the parent compound. This 
is known as the molecular ion peak. 


= 
<= 
< 
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Worked example 7 
The mass spectrum for propan-l-ol is shown in figure 25. 


1004 


iS D fo) 
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relative intensity 
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A Figure25 Mass spectrum of propan-l-ol 
Use the mass spectrum to show that the fragmentation pattern corresponds. 
to the structure of propan-l-ol. 


Solution 


Ifyou know the name of the analysed Compound, begin by drawing its 
structural formula. This will help you to figurevout the possible fragmentation 
patterns. When you have moresthan one option, draw the structural formulas 
of all the expected molecules. In this case, there is only one)possible 
structural formula (propan-l-ol): 


H Hə H 


A— cg ANH 


O Me 


Then, examine the spectrum and identify the peaks and their m/z values. Use 
the m/z values to propose'structures for each of the fragments: 


Explanation 


m/z 


Molecular ion (the original molecule that 
has lost one electron) 


| Loss of CHsCH, from the m/z 60 
294 *[GH3CH,]* | Loss of CHOH from the m/z 60 


‘H—C—C——C—OH 
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Data on specific MS fragments are provided in section 21 of the data booklet. 
Here are some examples: 


e A peak with m/z = 15 corresponds to a CH; fragment 


e A peak with m/z = 17 corresponds to an OH fragment 


e Apeak with m/z = 29 corresponds to a CHO or CHCH; fragment 
e A peak with m/z = 31 corresponds to a CH30 or CH2OH fragment 


e Apeak with m/z = 45 corresponds to a COOm fragment 


Practice questions 


20. A straight-chain ketone with the molecular formula CsHipO/has two 
structural isomers. 


a. Deduce the structural formulas of thetwo possible isomers. 
Mass spectra A andBrof thetwo isomers are given. 


b. Explain which spectrum is produced by each compound using section 
22 of the data booklet. 


A 
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Infrared (IR) spectroscopy (Structure 3.2.9) 


Infrared (IR) spectroscopy is an analytical technique that can be used to identify 

the types of bonds present in an organic compound, and therefore determine its 
functional groups. IR spectroscopy exposes a sample of an organic compound 

to IR radiation. Molecules absorb IR radiation, causing certain bonds to vibrate. IR 
spectroscopy is a type of vibrational spectroscopy. 


There are two basic types of vibration that are possible in molecules: stretching/ 
compression and bending. The type of movement observed depends on whether 
the molecule is diatomic or polyatomic. For example, the diatomic molecule of 
hydrogen chloride can only undergo stretching and compression (figure 26). 


— — 


—> — 
H CI 


A Figure26 Stretching and compression in HCI molecule 


When a bond in a molecule absorbs IR radiation, the frequency of the resultant 
vibration depends on the bond enthalpy and the masses of thë atoms in the 
bond. The higher the bond enthalpy, the stronger thelbond. This will in turn result 
in a shorter wavelength, and higher frequency of the vibration. The larger.the 
masses of the atoms, the lower the frequency of the vibration. 


Hydrogen iodide contains a large iodine atom and has a relativelylow bond 
enthalpy, so its vibration occurs.at a lower frequency when compared to the other 
hydrogen halide molecules (table)15). 


Molecule Bond Frequency of Wavenumber 
enthalpy/kJmol" | vibration/10"s" Jem" 
-CI 431 8.66 2886 | 
Jx me ye 7,68 2559 
É i 298 i o9 2230 | 


A Table 15)Bond enthalpy and wavenumbers of halogen halide molecules 


In IR spectra, the absorption is usually described in terms of its wavenumber, 7, 
showmin the fourth.columniof table 14. The wavenumber is the reciprocal of the 


wavelength: ¥ = A 


As described in Structure 

1.3, frequency (f) is related to 
wavelength (4) via the relationship 
ie F where c is the speed of 


light. This means that frequency 
is related to the wavenumber as 
follows: ¥=cxf. 
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In polyatomic molecules, the stretching can be symmetric or asymmetric. 
Polyatomic molecules can also undergo bending, a vibration where the 
bond angle changes. Both water and carbon dioxide molecules stretch and 
bend when they absorb IR radiation (figure 27), so they can be analysed by IR 
spectroscopy. In other words, such molecules are IR-active. 


os oo ran 


> Figure 27 Modes of vibration of water and 


carbon dioxide molecules. All three modes of 


vibration are IR active 


transmittance (%) 


H H H H H H 
symmetric asymmetric bending 
stretching stretching 
_ — > ji 
== CQ (F a a — ae 


For a compound to be IRactive, the molecule must experience a change in 
dipole moment during thevibration; otherwise, no peak will be observed in the 
R spectrum. Diatomic homonuclear molecules that do not have a permanent 
dipole, such as-hydrogeny Hz, oxygen,.©>, and chlorine, Cla, are IR inactive. 


Diatomic heteronuclear moleculesysuch as hydrogen fluoride, HF, are only 
capable of performing thestretching and compression vibrations. Because there 
is a. change inthe dipole moment, such molecules are IR active. 


Plotting the wavenumbers of the molecular vibrations against their intensity gives a 
graph known as an IR spectrum. Certain wavenumbers are characteristic of specific 
functional groups, Which are listed in section 20 of the data booklet. We can 
herefore analyse.the IR spectrum to determine the types of functional group present 
in amolecule»For example, the IR spectrum of butanoic acid is shown in figure 28. 


100 
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Q 
4000 3000 2000 1500 1000 500 


wavenumber / cm7 


A Figure 28 IR spectrum of butanoic acid 


There is a strong, very broad peak in the range 2500-3000cm" characteristic of 
the O-H bond in carboxylic acids. The strong peak in the range 1700-1750cm"™ 
is characteristic of the C=O bond. 
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IR spectroscopy only provides information about the functional groups present 
in a molecule, so this technique alone cannot be used to determine the structure 
of an unknown molecule. Therefore, information gathered from IR spectroscopy 
must be used in conjunction with information derived from other analytical 
techniques, such as mass spectroscopy, nuclear magnetic resonance (NMR) 
spectroscopy or combustion analysis. 


Worked example 8 


An organic compound containing only carbon, hydrogen and oxygen is 
composed of 62.02% carbon and 10.43% hydrogen by mass. 


a. Determine the empirical formula of the compound, showing your 
working. 


b. Theinfrared spectrum of the compound is shown below. Deduce the 
functional group present in the molecule. 


1.0 
0.8 
0.6 


0.4 


transmittance / % 


02 


0.0 


3500 3000: 2500 2000 1500 1000 500 
wavenumber / cm7} 


c. The mass spectrum of the compound is showmbelow. Deduce the 


relative molecular mass of the compound, and hence determine the 
molecular formula. 


100 


> Q (ee) 
(S) oe je 


relative intensity 


N 
‘S) 


262729 
25; (28, 31 


is 2 2 30 3 40 4) 30 85 180) 


d. Through experimental analysis, it was determined that the compound 
did not contain a terminal carbonyl group. Deduce the structural 
formula of the compound. 
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A Figure 299A nucle magnetic 
resonance (mR) Spectrometer 


296 


\ ompound is propan 
i f 


Solution 
a. The method for determining an empirical formula is shown below: 


Step 1: Divide the 
percentage by the 62.02 _516 10.43 _ jo 33 27, 
relative atomic mass 12.01 1.01 6: 
Step 2: Divide 

each result by the 
lowest value (1.72) 

to determine the 
whole number ratio, 
rounding if necessary 


The empirical formula is therefor 


b. A strong peak in the range sigo.7 0-175 
a carbonyl group, C= O. re Moaz ni 
ketones, carboxylic ony 
to deduce the fun 
carbonyl/C=O. 


c. The i diy 


molecul dup th 
form soithe m 
o . . 


mi inf so the molecule is a ketone. Therefore, the 
, and its structural formula is CH3;COCHS3. 


Protofinauclear magnetic resonance 


('KANMBR) spectroscopy (Structure 3.2.10 
land Structure 3.2.11) 


Proton nuclear magnetic resonance ('H NMR) spectroscopy is perhaps 


the most useful analytical technique for structural determination of organic 
molecules. The spectra produced by 'H NMR spectroscopy help you to 
determine the number of different chemical environments of hydrogen atoms 
in the molecule. An atom's chemical environment is defined by the other atoms 
attached to it. 


'H NMR spectroscopy is an example of spin resonance spectroscopy. The 
nucleus of a hydrogen atom 'H contains a single positively charged proton. This 
nucleus has two possible spin orientations, as described by the nuclear spin 
quantum number (m,), with possible values of m, = +2 or m, = —⁄2. 
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The hydrogen nucleus behaves as a spinning charged particle that can act as 

a small magnet. Similar to the electron spin, the two possible spin states of a 

1H nucleus are degenerate: they exist at the same energy level. When a strong 
magnetic field is applied to the sample containing 'H nuclei, the two spin states 
become non-equivalent and split into two different energy levels (figure 30). 


the magnetic field generated by 
the higher energy spin state is 


high energy opposite to the applied external 


yall magnetic field 
spin=-+ 
AE 
spin=+4 spin=-L ig 
pin=+> spin=—+> tH 
“~. lowenergy the maGnétic fieldigenerated by 
hee BEN the lower energy spin state is 
spin = + alignedwith the applied|external 
magnetic fiéld 
no magnetic field magnetic field applied 
applied 
A Figure 30 The two spin states of the hydrogen nucleus are different in energy when CH3 
a magnetic field is applied om aes 
| 
CH3 


The energy difference, AE, between,the spin states increases along withthe 
external magnetic field strength. For the nucleus to be promoted fromthe lower 
energy state to the higher energy.state, it must be exposedyto radio waves of 
energy equal to the difference betweentthe two spin states. Theexact energy 
required for this process depends on the chemicalenvironment of hydrogen 
atoms in the analysed molecule. So, hydrogen atoms in different chemical 
environments absorbyelectromagnetic radiation of different frequencies. 


A Figure 31 TMS is the universally 
accepted reference standard used in 
'H NMR spectroscopy 


Asummary of chemical shift 
values for different hydrogen 

The frequencies of radiation absorbed by different hydrogen environments environments is given in section 21 
are displayed in a 1H NMR spectrumaas signals. These signals are given in of the data booklet. 

terms of theirchemical shift, 6, expressed. in units of parts per million (ppm). 

Chemical shift is measured using a relative scale, where the signal produced by a 

tetramethylsilane (TMS) standard isassigned a chemical shift of O ppm. TMS is a 

symmetrical molecule with fourequivalent methyl groups (figure 31). 


Low-resolution 1H NMR 


When examining a low'resolution 'H NMR spectrum, the area under each signal 
is proportionakto the number of 'H nuclei generating this signal. The area under 
a.signal is'small and difficult to measure, so an integration trace is added to the 
spectrum to indicate the relative number of 'H nuclei represented by each signal. 
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4 3 2 
chemical shift 6/ppom 


A Figure 32 The 'H NMR spectrum of 
chloroethane, C2H;Cl 


A Figure 34 C. V. Raman, pictured here, 
discovered the Raman effect with his 
coworker, Sir Kariamanikkam Srinivasa 
Krishnan 


Consider the 'H NMR spectrum of chloroethane, shown in figure 32. There are 
two signals in the spectrum indicating two hydrogen environments, one with 
an integration trace of 2, and one with an integration trace of 3. These signals 
therefore correspond to the CH, and CH; groups in chloroethane, respectively. 


Figure 33 shows the '!H NMR spectrum of 2-bromopropane. There are three 
groups with hydrogen atoms in the molecule, but only two signals in the 
spectrum. This is because the molecule is symmetrical, so the tWomethyl groups 
are identical and therefore form a single hydrogen environmentyThe signal with 
an integration trace of 6 corresponds to these methyl groups, as they have six 
hydrogen atoms. The other signal corresponds to the CH group. 


4 3 2 ] 
chemical shift’6/ ppm 


‘A Figure 33 The 'H NMR spectrum of 2-bromopropane, C3H,Br 


Sometimes integration traces are given as a ratio. For instance, imagine a 'H NMR 
spectrum with two signals where the area under one signal is equal to 1, and the 
area under the other is equalito 2. These correspond to the relative number of 
hydrogen atoms imeach environment, so the actual numbers of hydrogen atoms 
in different environments.could be 2 and 4, or 3 and 6, or any other values in a 
1:2 ratio. 


TOK 


The interactions between particles and different types of electromagnetic 
radiation underpin many of the spectroscopic methods we have looked at. 
These interactions result in nuclear spin changes (NMR) or bond stretching 
and bending (IR). When electromagnetic radiation of a certain wavelength 
encounters a molecule, the radiation is scattered. 


Occasionally, the wavelengths of incident and scattered radiation are 

not the same. This phenomenon is known as “Raman scattering” after Sir 
Chandrasekhara Venkata Raman who was awarded the 1930 Nobel Physics 
Prize for his work in this area. 


The Raman scattering effect formed the basis of Raman spectroscopy, which is 
nowadays used to determine structural features of various materials. Evidence 
for Raman scattering was very difficult to obtain at first. Eventually, with 
ongoing experiments, Raman and his team arrived at conclusive evidence for 
the existence of the effect. 


How much evidence is required in order to support a robust conclusion? 
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Worked example 9 


Sketch the 'H NMR spectra for the following molecules: 


a. propanone, CH3C(O)CH; 
b. ethanoic acid, CH3COOH 


Solution 
a. Propanone, CH3C(O)CHs, is a symmetrical ketone. b. Ethanoic acid, CHCOOH, haSia total of four protons 
The structural formula shows a carbonyl functional in two different chemicahenvironments. 


group and two methyl groups. The chemical 


The proton of the carboxyl group will produce 
environment for all the hydrogen atoms is identical: R cede a 


a signal in the region of9.0-13.0 ppmpand the 


ine 6) Io methyl group will produce a signal in the region of 

| || | 2.0-2.5 ppm. The areas under thesiGnals should 
Ce reflectithe ratio‘of protons in the two environments, 

| | which is 3. A sketch ofthe "H)NMRispectrum is 

H H shown,below:? 


i # 


identical chemical 
environments 
The equivalent protons in propanone will produce 
one signal in the range of 2.2-2.7 ppm (data booklet; 
section 21). Integration traces are not useful here 
because there is only one hydrogen environment: A 
sketch of the 'H NMR spectrum is shown below: TN 


chemical shift 6/ ppm 


Ym f A Jeo 5 4a Sey) 0 
chemical shift 6/ppm 


Practice questions 
21. ‘The structural formulas of two organic compounds are shown below. 
a. b. 
i o i CH3 
A— Cge H= cph 
OH H H OH 


Deduce the number of signals and the ratio of areas under the signals in the 
'H NMR spectra of these compounds. 
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High-resolution 'H NMR 


Advances in technology have led to improvements in the accuracy of analytical 
instruments like 'H NMR. There are distinct differences between low resolution and 
high resolution 'H NMR spectra and the information that you can extract from them. 


We have already demonstrated that low resolution 'H NMR provides us with 
information about the chemical environment of hydrogen atoms,in a molecule. 
The number of signals corresponds to the number of different chemical 
environments, while the integration trace shows the number of hydrogen atoms 
associated with each signal. In a high resolution 'K NMR spectrum, individual 
signals are split into clusters of peaks. The splitting pattern of a’signal provides us 
with information about the number of hydrogen atoms attached to,neighbouring 
atoms ina molecule. 


Consider 1,1,2-trichloroethane, which has two hydrogen environments; H, and Hj: 


@ Cc 


#,—6-—C —Cl 


Ha Hp 


There are two signals’in the spectrum of 1,1, 2+trichloroethane (figure 35). The 
signal for the H, atomsiis split into a cluster of two peaks and is referred to as a 
doublet. The'signal for the H, atomisisplit into a cluster of three peaks and is 
referred toas a triplet. 


a aif a 
ll Il 
5 5 
Blilb © 


chemical shift 6/ ppm 


A Figure 35 The high resolution 'H NMR spectrum of 
1,1,2-trichloroethane 


The different splitting patterns of the signals for the hydrogen environments 
are caused by the spin-spin interactions of neighbouring hydrogen nuclei. As 
discussed previously, each proton has nuclear spin that can either be aligned 
with or against the external magnetic field. If hydrogen atoms in a molecule are 
in close proximity, the magnetic fields generated by their nuclei can affect each 
other, resulting in NMR signal splitting. This is known as spin-spin coupling. 


The number of peaks in a cluster for an individual signal, known as multiplicity, 
can be calculated by using the N + 1 rule: 


If the proton H, has N protons attached to its nearest neighbours, 
the NMR signal of H, will be split into N + 1 peaks. 
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Examples are given in table 16. The ratio of the heights of the peaks in a cluster, 


= 
the peak ratio, is deduced using Pascal's triangle. T 
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Number of Number 
neighbouring of peaksin Splitting pattern Peak ratio 
hydrogen atoms (N) | cluster (N + 1) 
(0) 1 singlet (s) ] 
1 | 2 doublet (d) 1:1 
2 | 3 triplet (t) 1:2:1 
3 | 4 quartet (q) 1:3:3:1 


A Table 16 Splitting patterns due to neighbouring hydrogen atoms in 'H NMR spectra. 


Splitting patterns of five and more peaks are often called “multiplets” 

For example, in 1,1,2-trichloroethane, the spins of the nuclei in the H, 

environment will couple with the spins in the adjacent Hs environment) x 

The H, environment has one proton, and therefore the H, signal will be split int 

a doublet (d) as per the N + 1 rule. The heights of the two peaks will be 
The H; environment has two protons, and therefore the Hs signa 


a triplet (t), and the peak ratio will be 1:2:1. The magnetically 
do not couple with each other. 


including C d Persia. 


What is the role of m atics in scientific kno g Iding? 


oY AY 


A Figure 36 Pascal's triangle 
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Worked example 10 


Show that the splitting patterns in the signals of the 'H NMR spectrum in 
figure 37 correspond to the structure of butanone, H3CC(O)CH,CH3. 


Wl ie & a 7 ove ve 2 2 Wy 
chemical’shift6/ ppm 


A Figure 37 High resolution,'H NMR spectrum of butanone 


Solution 


First, draw the structure of butanone and deduce the number of hydrogen 
environments. o 


H3C— CACH] — A3 
A B € 


There are thrée different hydrogemenvironments, which correspond to the 
three signals in the spectrum. 


Hydrogen environment A is not adjacent to any other hydrogen 
environments /so M= 0. According to the N + 1 rule, this environment 
corresponds to the singlet in the spectrum. 


Environment B is‘adjacent to environment C, which has three hydrogen 
atoms. Therefore, environment B corresponds to the quartet. The signal 
corresponding to environment C is split into a triplet by the two hydrogen 
atoms in environment B. 


The peak ratio in each cluster corresponds to that predicted by Pascal’s 
triangle. The chemical shifts of the signals for B and C also closely match the 
predicted values from the data booklet. This is summarized in table 17: 


Hydrogen Splitting | Peak | Predicted | Actual 
A N +1rule : d i 
environment pattern ratio 5/ppm 5/ppm 
N=0 |. 
A o41=] | Singlets) 1 2.2-2.7 | 21 
3 3414 | Wattet(q) eeo | 2.4 
C deleg WEO | 1:21 | 09-10 | 1 


A Table 17 You can display data like this when matching the structural details of a 
compound to signals ina 'H NMR spectrum 


Structure 3.2 Functional groups: Classification of organic compounds 


Combining analytical techniques 
(Structure 3.2.12) 


To determine the structure of a molecule, you may be required to interpret a 
wide variety of data. For example, different methods are needed to deduce 
the types of functional group present and the arrangement of the carbon atoms 
in a molecule. It is the combination of data that will enable you to deduce the 
unknown structure. 


This data may include: 

e combustion analysis data (to calculate empirical formula) 
* mass spectroscopy (MS) data 

e — the infrared (IR) spectrum 

e the 'H NMR spectrum 

e information from the data booklet 


e description of reactions that the compound can undergo (covered in the 
Reactivity section of DP chemistry). 


In the skills task on page 283, you were asked to create molecularmodels of 
propan-l-ol, propan-2-ol and methoxyethane. Now you will examine these 
molecular models and considerthe spectroscopic data of these substances. 


Skills 
e Too! 2: Identify and extractdata from databases 


Instructions 

1. Create molecular models of propan-l-oh, propan-2-ol and methoxyethane 
using a moleculapmodel kit, if you have notđone so already. 

2. Examine the molecular models and determine the number of different 
hydrogen environments inach molecule. Then, predict the 'H NMR 
Spectrum,of each (consider the number of signals, area under each signal, 
splitting patterns and chemical shifts). 

8. Predict themajor!Rispectrum signals expected for each compound. 

For each compound, predict some of the peaks found in its mass spectrum. 

5. Search for thespectra in a suitable database and see how the actual 
spectra compare to your predictions. Examples of databases include the 
AIST Spectral Database for Organic Compounds. 
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Worked example 11 


Ethane reacts with chlorine to form product X. 
Combustion analysis was used to determine that product 
X has the following composition by mass: carbon 
24.27%, hydrogen 4.08%, chlorine 71.65%. 


mass spectrum 


10 20: 30 40 50 60 70 80 90 100 110 
m/z 


Solution 


a. Divide the percentages by the relative atomic mass for 
each element. 


24.27 _ 408 _ 
carbon: 20 2.021 hydrogen: A N =404 
Fane ASS 
chlorine: 35 457 2.021 


The empirical formula is therefore CyHaClz. 


b. When analysing mass spectra of compounds 
containing chlorine, We need to consider that chlorine 
has two abundantisotopes of different relativeatomic 
mass: chlorine-85 and chlorine-37. Therefore, the 
fragment ions.of product X will containa mixture of 
chlorine-35 and chlorine-37 atomstablelg). 


Molecular 


m/z Reason 
fragment 


100 | [C-ĦF5CI7CI]* | moleculanion containing 
chloriine-37 and chlorine-35 
isotopes 


88 |(CoH AC LN molecular ion containing two 
chlorine-35 isotopes 


T 


loss of chlorine-35 atom from 
molecular ion peak (m/z 100) 
63 |[CoHre°Cl]* loss of chlorine-35 atom from 
molecular ion peak (m/z 98) 


27 |[C2H3}* loss of HCl and Cl 


sdicia] 


A Table18 Fragment ions of product X 


Determine the empirical formula of product X. 


The mass and 'H NMR spectra of product X are’shown 
below. Deduce, giving your reasons, its structural 
formula, and hence the name of the compound. 


1H NMR spectrum 


hoe WO 8 FY Gis “4h ge 2 | © 
chemical shift 6/ ppm 


From the mass spectrum, we can deduce that the 
empirical formula isidentical to the molecular formula 
becauseithe average of the molecular ion peak m/z 
values isequal to the relative molecular mass of the 
empirical formula (99). We can also deduce that the 
following structural elements occur in the molecule: 
C,H,Cl and C,H,. Therefore, the structural formula of 
product X is likely to be CH3CHCl2. We can confirm 
this using 'H NMR spectroscopy. 


The 'H NMR spectrum has two signals, indicating two 
different hydrogen environments. 


The integration trace shows a ratio of 3:1, indicating 
there are three times as many hydrogen atoms in one 
environment than in the other. 


The signal at 2.0ppm is a doublet (Ha), indicating 

a neighbouring hydrogen environment with one 
proton. At 5.8 ppm there is a quartet (Hs), indicating 
a neighbouring hydrogen environment with three 
protons. We can therefore conclude that product X is 
],]-dichloroethane: 


Ha Cl 
Ha—C—C—Hg 


Ha Cl 


Structure 3.2 Functional groups: Classification of organic compounds 


End of topic questions 


Topic review 


1. Using your knowledge from the Structure 3.2 topic, 
answer the guiding question as fully as possible: 


How does the classification of organic molecules help us 
to predict their properties? 


Exam-style questions 
Multiple-choice questions 


2. What is the name of the following compound, applying 
IUPAC rules? 


CH3 
Hoc 
| H 
HC. cn 
a 
H3C 5 CH3 


4-methylhex-2-ene 


A 

B. 4-ethylpent-2-ene 
C. 2-ethylpent-3-ene 
D. 3-methylhex-4-ene 


3. Which of the following is in thesame homologous 
series as CH3OCHs? 
A. CH3COCH3 
B. CH3;COOGH3 
C. .CH3GllaCH30 
D GH3CH2CrI20CHs 


4. Which of the following analytical techniques would = 


show the difference between propan-2-ol, < 
CH3CH(OH)CHs, and propanal, CH3CH,GHO? 


SC ©) g 2 


mass 

l. infrared 
Il. 'HNMR 
and II only 
and II! only 
land dll only. 
_ land. lll 


Which substance has the following 'H NMR spectrum? 


o O Ee 2 


PPM 
propane 
propanal 
ethyl ethanoate 


butanoic acid 


Extended-response questions 


6. 


a. 


State, giving a reason, ifbut-1-ene exhibits cis-trans fE 
isomerism. 0) < 


The reaction which occurs between but-l-ene and 
hydrogen iodide at room temperature produces 
the halogenoalkane, 2-iodobutane. State, giving 

a reason, if the product of this reaction exhibits 
stereoisomerism. m] 
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Structure 3 Classification of matter 


= 7. Organic chemistry can be used to synthesize a variety of products. Combustion 
analysis of an unknown organic compound indicated that it contained only carbon, 
hydrogen and oxygen. 


a. Deduce two features of this molecule that can be obtained from the mas: 
spectrum, namely m/z 58 and m/z 43. Use section 22 of the data Sy [2] 


A ae 


120 
100 


relative intensity 
fon) 
fo} 


20 
0 6 2829 
30 
b. Identify the bond respo oy at A in the infrared spectrum. 
Use section 20 of th a et. p] 


3000 


2500 
wavenumber / cm7! 


2000 1500 1000 500 


Q : ce information from the 'H NMR and then identify the unknown compound 


ng the previous information, the 'H NMR spectrum and section 21 of the 
at 3 N data booklet. [3] 
O & & FY © 5 a @ Z | 0 
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Structure 3.2 Functional groups: Classification of organic compounds 


8. a. Draw the stereoisomers of butan-2-ol using wedge-dash type = 
representations. m] 
b. Outline how two enantiomers can be distinguished using a polarimeter. [2] 
9. Compound Ais in equilibrium with compound B. 
OH O 
2 ol 
ee 
A B 
a. Identify the functional groups present in each molecule. [2] 
b. Compound A and B are isomers. Draw two other structural isomers 
with the same formula. [2] 
c. The IR spectrum of one of the compounds is shown: T 
< 
o 
O 
= 
© 
€ 
2 
e 
4500 4000 8500 3000 2500. 2000 1500 1000 
wavenumber / cm! 
Deduce, giving a reason, the compound producing this spectrum. [1] 
10. The mass spectrum of chlorine is shown. 
o 
QO 
= 
y 
4 
S 
pe 
Te) 
oO 
o 
18 
w 
Q 
o gO \208%0 40 50 60 70 
m/z 
a Outline the reason for the two peaks at m/z = 35 and 37. fl] 
b. Explain the presence and relative abundance of the peak at m/z= 74. [2] 
11. a. Draw the structural formula of ethoxyethane. fl] 


b. Deduce the number of signals and chemical shifts with splitting patterns in the 
'H NMR spectrum of ethoxyethane. Use section 21 of the data booklet. [3] 
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Tools for Chemistry 


Introduction 


The purpose of this section is to provide you with a toolkit containing key experimental, technological andimathematical 
skills that support scientific inquiry in DP chemistry. You should refer to this section frequently throughout the course to 
develop fluency with these skills and practise applying them in a variety of contexts. Such contexts might include skills 
tasks, practical work, lab-based questions, the collaborative sciences project, and your scientific investigation for intemal 
assessment (IA). 


A Figure 1 Al-Razi (c..860-930),was an Islamic Persian scholar, physician and alchemist 
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Tool 1: Experimental 
techniques 


Safety and respect of self, others and environment 


Being principled is one of the learner profile attributes. This means that you act 
with integrity and honesty, with a strong sense of fairness and justice, and that 
you take responsibility for your actions and their consequences. In conducting 
experimental work, being principled involves lab safety and academic integrity. 


Safety 


Two of the twelve green chemistry principles relate to prevention: accident 
prevention and waste prevention. 


Accident prevention is an integral and important part of labwork. It includes 
wearing protective gear, conducting risk assessments, putting the correct safety 
measures in place, and eliminating risks by opting for safer alternatives if possible. 
Safety considerations must protect the experimenter, the environment, as well as 
anybody else using the laboratory space. 


Familiar personal protective equipment (PPE) includesisafety goggles and,lab coats 
for the people present during the experiment. Thevuse of PPE is commonplace in 
schools and laboratories these days, but it has not always been the case. When 
looking at historical photographs orimages of science experiments, see if you can 
identify any safety risks and discuss suitable control measures. 


A risk assessment needs to be completed prior to carrying out experiments. 
Assessing risk involves identification ofhazards, ways ofminimizing risk, and what 
to do if something goes wrong. The main parts ofa'tisk assessment are: 


e Hazards: substances.or activities that have the potential to cause harm (for 
example, a hot crucible). 


e — Risks: evaluating the severity and likelihood’of harm, including who could 
get harmed and how (continuing with our example, the person doing the 
experiment could burn themselves ifthey touch the crucible. This is likely to 
happeniifthey need tomeasure the mass of the crucible and its contents). 


e Control measures: what willbe done to minimize the risk and, if possible, 
remove the hazards (the.experimenter should wait 5 minutes for the crucible 
to cool before placing it on the balance, and pick it up using tongs. The 
balance shouldibe located near the experimenter’s lab bench). 


Safety is not only relevant during the experiment, but also after its completion. 
Ghemists need to think about the products of their experiments and identify 
suitabledisposal procedures. The disposal of chemicals needs to be done in 
accordance with local rules and policies in order to protect the environment, as 
well as people involved in the disposal process. If possible, left-over reagents 
should be recovered for future use. 


A Figure 2 A selection of hazard symbols 
that you are likely to see on reagent bottles 
in a chemistry lab. Do you know what each 
of them means? 
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Well, we use renewable feedstocks 
where possible. So our company, 

makes polyester from corn 

starch instead of crude oil. 


Today l'm interviewing 
Dr Emerald, who leads 
the way in green chemistry. 
So, Dr Emerald, just what 
is green chemistry? 


Itinvolves making chemical 
processes as sustainable 
as possible. 


And | guess you try to 
make pfocesses energy 
efficient? 


We reduce waste by . 


How else do you make 
processes sustainable? 


Nesrof course. We do this by . 


What about pollution? How dogh in lots of ways! 
reduce the waste that spews out Two of them are 
into the atmosphere, water 
and the ground?) 


Yes. We always aim to replace toxic 

Anything else you feedstocks with ones that do not 
want to say? threaten human health 

or the environment. 


SS 


OK, that's 
great. Thanks! 


A Figure 3 This comic strip shows two people discussing green chemistry. Think of examples to fill in the blanks 


Experiments should involve using the smallest possible amounts of reagents. 
Doing so further minimizes the environmental and economic impact of 
practical work. 


Academic integrity 


Respecting others includes respecting their ideas and giving them credit by 
citing information sources. You must clearly distinguish between your own words 
and those of others using quotation marks followed by an appropriate citation. 
In-text citations are also required when you paraphrase another person's ideas. 
Full references should then be included ina section at the end of the document 
(usually titled bibliography, works cited or references). The IB does not mandate 
a particular referencing style, but it is expected that the minimum information 
included are the name of the author, date of publication, title of source, page 


umbers a d URL, app cable. 
AN 


1. State which hazard symbols are you likely to find on a bottle containing: 


Practice questions 


a. concentrated nitric acid 

b. 0.10 mol dm sulfuric acid 
c. solid copper(I!) sulfate 

d. solid sodium metal 

e. cyclohexane. 


2. Find out what referencing system is,used at your school, then write a full 
reference for this book. 


3. What are some of the hazards associated with the two reagents in 
figure 4? 


Measuring variables 


Handling data is a vital skill of scientific research) Qualitative data include all 
non-numerical information not obtained from measurement, such as colour 
changes or bubbling. Quantitative data.are numerical information obtained 
from measurement. Measurement isa core aspect of science and is important to 
scientists because it provides quantitative data. One of the factors affecting data 
quality,is. the type of instrument used to obtain these data, as well as whether it 
was used correctly or not. 


Accuracy and precision 


Measured.Values (and processed values) can be evaluated in terms of their 
precision.and accuracy (figure 5). Repeating measurements under the same 
conditions allows us to assess their precision: precise values are close to each 
other. Therefore, if a high-precision instrument is used to determine a particular 
measurement several times, the measured values will occur over a small range. 
Accuracy refers to how close a measured or processed value is to the true value. 


Tool 1: Experimental techniques 


A Figure 4 Bottles containing 
concentrated solutions of sulfuric acid and 


hydrogen peroxide 


55°C 

true 

value 
50°C 
45°C 45°C 


accurate 
(but not precise) 


precise 
(but not accurate) 


A Figure 5 Precise values are close to each 
other. The mean of accurate values is close 
to the true value 
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low precision low precision high precision high precision 
and low accuracy and high accuracy and low accuracy and high accuracy 


A Figure 6 The difference between accuracy and precision. The bullseye represents the true value 


© Data-based question 


After performing a calorimetry experiment, a group of 
students determined the enthalpy of combustion of 
ethanol. Their results are shown below. 


How would you deseribe these results in terms of 
accuracy and precision? 


Trial 


high accuracy, low precision 


low accuracy, high precision 


AH/kJmol" + 
5kJ mol" 


high precision, high aécuracy 


lowprecision, low accuracy 


Ethanol’s standard enthalpy of combustion is reported in 


the data booklet as —1 367 kJ mol". 


@ Thinking skills 


In a calorimetry experiment, for 
example, the assumption’that the 
specific heat capacity of a dilute 
solution is equal to that of water 
does not invalidate the analysis 
because dilute solutions are mostly 
composed of Waten(Reactivity 1.1). 
Can you think of other reasons why, 
this is usually a valie’assumption?, 
Can you thinkiofany situations in 
whichithis.assumption would not 
be valid? 


Validityand reliability 


The quality of measurements, and indeed of entire pieces of research, is often 
assessed in terms of validity and reliability. 


Validity is concerned with whether something measures what it is meant to 
measure. Measuring pH with an improperly calibrated pH probe will result in an 
invalid measurement. A methodology or analysis is valid when it addresses the 
research, question appropriately. 


Reliability is connected to whether doing the same investigation again produces 
the same results. Reliability can be assessed in terms of repeatability: the 
agreement of results when trials are repeated using identical methods, carried 
out under the same conditions and by the same experimenter. 


Repeating trials during an experiment is good practice. When you doa 

school practical, you can compare the results of different trials to assess their 
repeatability. Conducting several trials allows you to calculate a mean, assess 
precision and identify any clear outliers. The more repeats, the more reliable the 
results, but doing three trials is usually a good rule of thumb. 


In some cases (certain statistical tests for example) greater numbers of replicates 
are required. In others (such as titrations), measurements should be repeated until 
several concordant values are obtained. Concordance means that the values 
agree with each other, and in titrations this generally means a range of less than 
0.1 cm? (although this value is not set in stone, and it is best to specify it when 
writing up lab investigations). 
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Reproducibility is the consistency of results obtained by following the same 


method and conditions but carried out by different people, instruments and Practice questions 
reagent sources. Comparing the outcomes of an experiment to those obtained 4. Explain why measurements 

by different research teams gives scientists insight into the reproducibility of their taken with a pH probeare 
results. One of the reasons scientists include detailed experimental methods more precise than pH values 
when reporting findings is to allow other scientists to reproduce these findings. determined using pH paper. 
Next, we will consider several key types of measurements in chemistry: mass, 5. Can experimental outcomes be 
volume, time, temperature, length, pH, electric current and electric potential reliable but not valid? 
difference. 

Mass 


Different balances have different levels of precision. In a chemistry lab, the 
greater the precision of a balance, the greater the number of decimal places it 
will measure mass to. When writing down a value, do not leave out any trailing 
zeroes. For example, a mass recorded to four decimal places (e.g. 0.5000 g) was 
measured with a more precise balance than a mass recorded to only one,decimal 
place (e.g. 0.59). 


Gravimetric analyses involve the measurement of mass changesduring a 
chemical reaction. For example, the reaction mixture that produces a gas will 
decrease in mass over time because the mass of the escapedigas willbe lost. 
Another example is the mass increase that happens when magnesium burns 
in air. The mass of the reaction mixture before and after the reaction provides 
information on how much gas was produced or absorbed. It is worth noting 


that notall containers, however similar they may seem, have the same mass. A Figure 7 A digital balance. Why is there a 
Remember to record the mass of the emptycontainepwhen conducting a number on the display even though there is 
gravimetric analysis. nothing on top of the balance? 


© Data-based question 


A student wishing to determine the enthalpy of hydration.of copper(I!) sulfate collected the following data. A mistake 
was made when the mass Was being measured. Identify the mistake and suggest what might have caused it: 


Mass/g+0.01g 


Mass of empty crucible 13:55 
Mass.of crucible and hydrated‘copper(||) sulfate 11.96 


Mass ofterucible and anhydrous copper(|!) sulfate 11.60 


Practice questions 


6. Which of the following mass measurements was 
obtained.using the most precise balance? 


A./0.0007 g 
B. &20g 

C. 2.030g 
D. 100.10g 


7. Is the feather shown in the photo really massless? 
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Volume 

The suitability of a particular type of volume-measuring equipment depends on 
its intended function and the desired level of precision. Measuring cylinders 
designed to measure approximate volume are not very precise. 


Volumetric analyses involve the measurement of volume changes during a 
chemical reaction. For volumetric analyses, a pipette, burette and/or volumetric 
flasks are needed. Beakers and conical flasks give an approximate measurement 
of the volume and are designed for holding liquids, not measuring volume. 


A B 


A Figure 9.Various volume-measurement.devices “A - measuring cylinder, B -volumetric 


A Figure 8A liquid being released from a 


volumetric pipette into a conical flask pipette, C—burette, D - volumetric flask 


Many liquids, including aqueous solutions, form a U-shaped meniscus insid 
anarrow Vessel, such as a burette or the neck of a volumetric flask. Volume 
measurements should be read from the bottom of the meniscus (figure 10). 


read fromthe bottom 
of the. meniscus 


burette 


tap 


A Figure 10 Water and aqueous solutions A Figure 11 Mercury forms an upside-down meniscus, 
form a U-shaped meniscus where the centre bulges upwards above the sides 


Practice questions 
8. Which of the following are appropriate for precise volume measurements? 
e volumetric pipette 
e volumetric flask 
e  burette 
* beaker 
e conical flask 
e measuring cylinder 
9. What glass container would you use to: 
a. determine the volume of liquid added during a titration 
b. prepare a standard solution from a solid reagent 


c. carry the acid you need for a pH experiment from the reagent bottle 
to your lab bench 


d. approximately measure 25 cm? of liquid? 


10. What is the volume of liquid contained in the measuring cylinder in figure 12? 


Time 


The SI unit for time is the second (s). When measufingithe rate of a chemical 
reaction, for example, you might use a stopwatchito record how long it takes, in 
seconds, for a certain volume of gas to be produced»The uncertainty associated 
with time measurements usually depends on the context in which time is being 
measured. The uncertainty of the stopwatch itself is often far smallernthan the 
uncertainty arising from the experimentet’s reaction time. 


For example, if you are recording howslong it takes fora clock reaction to produce 
a change in colour, there will be a short delay between, the instant the colour 
changes and your finger stopping the stopwatch (figure 13). The stopwatch display 
might indicate a time of 16.45;seconds, which,mightsuggest an uncertainty of 

+ 0.01 s indicated bythe two-decimalplaces display (figure 13). A more realistic 
uncertainty, given)your réaction time, would be,around 0.5 to 1 second. 


A Figure 13 Inthe “iodine clock” reaction, the clear and colourless reaction mixture 
suddenly turns blue-black after a certain period of time 
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A Figure.12 The meniscus should be read 
at eye-level 


@) Thinking skills 


Some experiments take place 
over long periods of time, such 
as hours, days, or even weeks. In 
these cases, is it always necessary 
to record times to the nearest 
second? 
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Temperature 


You can use digital or analogue thermometers to measure temperature. The 
required accuracy and precision of a temperature measurement is highly 
dependent on the context of the experiment. 


Continuous monitoring of temperature can be achieved by conne a 


temperature probe toa data logger as shown in figure 14. ze, 


interface 


ammonium chl 


dissolvin 


mer : . Length mea usually involve rulers although other devices, such as 
Somiieemi figures areis i calipers used. As with other analogue devices, reading the scale 
detailin Too! 3: Matha usually i estimating the last digit in the measurement, depending on its 
ati etween two scale divisions. Scale resolution will therefore have an 
act on the number of significant figures in the measurement (figure 15). 


1.75 cm 


ives a reading to two significant figures This ruler gives a reading to three significant figures 


Figure 15 The relationship between scale resolution and significant figures 
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Practice questions 


11. A student conducted three trials of an iodine clock reaction. The reagent 
concentrations and temperatures were the same in all three trials. The 
results obtained, in minutes, seconds and milliseconds (min:s.ms) are 


shown below. s = ) 


a. State the times to the nearest second. 


b. Suggest a suitable uncertainty for the time measurements, in Ke 


seconds. 
c. Calculate the mean time, in seconds. R 
1 01:15.120 | ® XS or 
+ — 4 N 


2 01:10.400 


4 + 


3 01:12.985 | Ga 
12. Identify and explain the limitations of each of the followi mperature 


measurement scenarios and propose an alternative d 
a. A student heats 5 cm? of water in a beaker e 
temperature by placing a thermometer i e water, with the ¢ 


touching the bottom of the beaker. 


Ccoolsone of th 
aker, removes the beaker 


A student wishing to perform ar 


aces a test tube 
a water bath. The 
zyme solution. 


UU 


Ie 18 


le aliper. What chemistry-related 
using a caliper? 


14 
16, shows a devi 
uo 


A Figure 16 A vernier caliper 
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PH of solution 
The pH ofa solution is related to the concentration of hydrogen ions in that 


solution. pH can be estimated with indicators, such as universal indicator, or the 
anthocyanins extracted from red cabbage. These indicators vary in colour across 
the entire pH scale. The colour shown is compared to a key, allowing,a pH value 
to be estimated (figure 17). 


The pH ofa solution can be more reliably determined with a properly calibrated 
pH probe (figure 18). 


A Figure 17 pH paper turns different 
colours depending on the pH of the 
substance being tested 


A Figure 18 A pH probereading compared to.the colour of the universal indicator 


In this task, you will use the juice of red cabbage as a Materials 
natural acid-base indicator for determiningthe pi of e | red cabbage 
household products. 


e “two.liguid household products, such as vinegar or 
Red cabbage juice is rich in anthocyanins (HA), which are liquid detergent 

amphiprotic organic compounds. Imacidi¢ solutions with 
low pH, anthocyanins accept protons and form cations, 
H2A*. In basic solutions with high pH, anthocyanins lose 


$y two solid household products, such as baking soda or 
antacid tablets 


protons and form anions, A’: e five clear glasses 
-M Sue e cloth or filter paper 
$ p 
RA + Ht mA a HA A e standard laboratory glassware 
cationic foxm neutral form anionic form 
(red) (blue) (green to yellow) Method 


1. Prepare the indicator by blending several leaves 
of red cabbage with a glass of water and filter the 
resulting mixture through cloth or paper. 


Allthree forms (cationie)nettral and anionic) of 
anthocyanins absorb visible light at different wavelengths 
(Structure 1.3), produéing the’characteristic colour 


changes of red cabbage juice. 2. To test one of your liquid household products, pour 
20-30 cm: of the filtered cabbage juice into a clear 

Relevantskills glass and add 2-3 cm? of the analysed solution. 

* AR! A easurMg variables 3. To testone of your solid household products, crush 


* Inquiry]: Designing the solid and dissolve it in water, before mixing with 
the cabbage juice. 
Safety 


* Wear gloves and eye protection 4. Compare the colours of your solutions with 


those shown in figure 19 to determine their 
e Do not use products with a corrosive safety warning approximate pH. 
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A Figure 19 Red cabbage juice at pH 1 (left) to 10 (right) 


Practice questions 


15. What are the pH values of each of the substances tested in figures and 
18? What might a suitable uncertainty be in each case? 


16. Outline one advantage and one disadvantage of 


a. pH indicators 


b. pH probes. aoe 
circuit 1 | awiteh 
Hi i 
Electric current | 
Electric current is the rate of flow of electricahcharge. It is measured.in amperes (A) 
(A), using an ammeter. To measure current, the ammeter must be connected in 
series in the circuit. The simplest type of circuit is one where all the components 


= 
are connected one after another, following a single path), with no branches. | 


Current is the same throughout a series circuit, so thelamméeter can be placed solid to be tested 
anywhere in the circuit. 


— 


circuit 2 : 
Figure 20 shows how.to connect solidiand liquid. samples in a series Hi gat aih 
circuit powered by a battery pack. Inserting a solid into a circuit is usually | 
straigħtforward: you simply conneĉt the leads to either end ofthe solid. Inserting 
a conductive liquid or solution,(collectively known as electrolytes) requires O 
electrodes made of inert materials, such as graphite or platinum. Care must be 
taken to ensure thatthe electrodes do not touch each other. 
Current depends onfactorssuch as electrode surface area, distance between the beaker 
electrodes, voltage applied and the materials involved. These factors all affect the carbon | 
opposition tothe flow of charge within the circuit, known as resistance. electrodes salten 
Electrical conductivity, often given in microsiemens per centimetre, uS cm7, to be 
is'a relatéd’property, which is the ability to conduct charge and which can be tested 
measured directly with a probe. Electrical conductivity measurements can A Figure 20 Ammeters are connected in 
be used to monitor the progress of a reaction in which ions are consumed or series. Circuit 1 shows how to connecta 
produced because conductivity of a solution depends on the concentration and solid sample while circuit 2 shows how to 
identity of mobile ions present. connect a solution 
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A Figure 21 Voltmeters are connected 
in parallel to a component to measure 
its potential difference (in this case, the 
potential difference of the lamp is being 
measured) 


Practice questions 


17. Outline how current passes 
through solid materials, such 
as a copper wire or graphite 
electrode. 


18. Outline how current passes 
through electrolytes, such as 
molten lead(II) bromide or 
aqueous sodium chloride. 


Electric potential difference 


Potential difference is the energy difference per unit charge between two points 
in a circuit. It is expressed in volts (V) and measured using a voltmeter. Voltmeters 
measure the potential difference across circuit components and are therefore 
connected in parallel to the component being measured (figure 21). 


In chemistry, you will most likely encounter potential difference measurements 

in the context of voltaic cells. The potential difference between the anode and 
cathode is known as cell potential. Measuring cell potentialinvolves connecting 
the voltmeter to the two half-cells and completing the circuit with a salt bridge as 
shown in figure 22. 


voltmeter 


Balt bridg 


solution containing solution containing 
A?+(aq) B2+(aq) 


A Figure 22 The potential difference across the two half-cells is measured by connecting a 
voltmeter to the electrodes. A and B represent metals 


Another term you might come across is electromotive force (emf), which is the 
maximum value,of potential difference across a cell when no current is flowing. 
This is the reasomwhy high-resistance voltmeters are used to measure cell 
potentialyTheir high*tesistance means that virtually no current flows through 
them, hence the cell potential measured is close to the emf. 


Practice questions 

19. Explain why the following mixtures undergo a change in conductivity as 
the reaction proceeds. 
a. HCl(aq) + NaQH(aq) > NaCl(aq) + H2O(!) 
b. AgNO,(aq) + NaBr(aq) > AgBr(s) + NaNO;(aq) 


20. In this section you have considered how to measure key types of variables: 
mass, volume, time, temperature, pH, current and potential difference. 
For each variable, think of an experiment you have done in the past which 
involved measuring that variable, and state the instrument used. 
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Applying experimental techniques 


In this section, we will discuss experimental techniques for preparing, isolating 
and analysing chemical species and phenomena. 


Preparation 


Preparation of a standard solution 


« 


Preparation and dilution of standard solutions requires measuring masses and 
volumes with high precision. This is achieved by using an analytical balance 
and volumetric glassware, such as burettes, pipettes and volumetric flasks 
(figure 23). 


A standard solution is usually prepared as follows: 


i 


The solid (or sometimes liquid) solute is weighed in a clean and dry beaker, / 

using an analytical balance. CEJ 

A small volume of deionized water is added to the beaker, and the mixture is 

stirred with a glass rod until the solid dissolves completely. A Figure23 Volumetric flask and pipette 


The solution is transferred to a volumetric flask using a glassfunnel. 


The beaker, glass rod and funnel are rinsed three times with deionized water, 
each time adding this water into the volumetric flask to,ensure that the solute 
is transferred completely. 


Deionized water is added to the volumetri¢ flask until its level reaches the 
graduation mark on the flask. 


The flask is stoppered and turned overat least ten times to ensure that the 
solution is mixed thoroughly. 


The solution is transferred to a reagent bottle witha labehshowing the 
formula or name of the substance, its concentration, the date and initials 
of the person who prepared the solution, as well as any hazard labels, if 
relevant. 


f) 18/08/2023, 


f PMD., 1.51 
mol dm? 


A Figure 24 Preparation of a standard solution 


Measuringcylinders and beakers with graduation marks should never be used 
for preparing or diluting standard solutions, as they do not allow measurement of 
volumes with sufficient precision. Similarly, the balance must show the mass of a 
sample with at least four significant figures. 
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Practice questions 


21. These steps outline how to prepare a standard 
solution. List them in the correct order. 


A. 


a) 


Add deionized water up to the mark on the 
volumetric flask. 


Dissolve the solute in a small amount of deionized 
water in a beaker. 


Transfer the solution to a labelled reagent bottle 
for storage. 


Pour the solution into a volumetric flask. 
Weigh the desired mass of the solute. 


Rinse the beaker, funnel and stirring rod with 
deionized water over the volumetric flask. 


Stopper and invert the flask several times. 


22. 


23 


hydrochloric 
acid acid 


A student prepares 100 cm? of a 0.50 mol dm? 
solution of copper(||) sulfate by carrying out the 


following steps. Identify the mistakes. 

A. Asample of 7.98 g of hydrated copp sulf: 
was weighed and transferred into etric 
flask using a funnel. 


Tap water was added to the volu flask until 
) eck of the flaskwAt 


diu droxide is 
orbs air moistur 


est the implications of this 
of standard solutions of 


dilute 
hydrochloric 


bottle A bottle B 


A Figure 25 The solution in bottle B can be prepared by performing a simple dilution of the 
stock solution in bottle A 


Worked example 1 


A teacher wishes to prepare 0.500 dm of 0.400 moldm- HCI for a class 
practical. A 11.0 mol dm™ HCI stock solution is available. Determine the 
volume of stock solution required to prepare the desired solution. 


Solution 
We know that: 
c,xV,=c,xV, 
where 1 indicates the stock solution and 2 indicates the desired solution. 
Substituting the known values gives: 
(11.0 mol dm~?) x V, = (0.400 mol dm”) x (0.500 dm?) 


Solving for V, gives: 

0.400 mol dm~? x 0.500 dm? 
11.0 moldm? 

V, =0.01818182... dm? 


V= 


Convert to cm?, which are more easily measured in a lab, andiround to.three 
significant figures: 


V, = 181818182. cm? 18.2 cm3 (3 sf) 


Serial dilutions are used to accurately prepare a series of solutionsfincreasingly 
lower concentration. Solutions for calibrationcurves are often prepared usingthis 
method, as extremely low concentrations are oftemrequired. Figure 26 shows 
how to carry out a serial dilution where the solution in each successive tube is 

ten times more dilute than thatin the previous one. The solution in each test tube 
is prepared by transferring 1 cm? ofthe preceding solution and adding 9cm? of 
deionized water. This procedure is repeated until the desired final concentration 


is obtained. 
ACS TAON [ENA rN 1 cm3 


Fem LIcm] HIcm3) H9cm3 


stock 0.01 0.001 
solution 5 3 10 10 


(o) (r) (Toon) 


A Figure 26 A serial dilution 


Tool 1: Experimental techniques 


Calibration curves are introduced 
in Structure 1.4. 


Practice questions 


24. 


25. 


A technician wishes to prepare 
the following solutions by 
diluting a 5.00 mol dm™? stock 
HCI solution. What volume of 
the stock solution is needed in 


each case? 

a. 750cm? of 1.00 mol dm™ 
HCI (aq) 

b. 3.00dm°?of 


0.150 mol dm™ HCI (aq) 


Suppose that the concentration 
of the stock solution in figure 

26 is 0.50 moldm™. Determine 
the concentration, in moldm™, 


ofeach ofthe diluted solutions. 
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Reflux and distillation 


Reflux and distillation are easily confused because they involve similar equipment 
(figure 27). However, these methods are used for very different purposes. Reflux 
isa method used to heat reaction mixtures, whereas distillation is a separation 
method. A piece of equipment known as a condenser is used in both, cases. 

The condenser is essentially a tube within another tube. The outer tubeis. cooled 
by a continuous flow of cold water. As a result, the temperature*ofthe gaseous 
substances in the inner tube decreases, causing them to condense. You will also 
notice that both techniques use anti-bumping granules to’ensureismooth boiling. 
Next, we will discuss the differences between reflux and distillation. 


(a) Vf (b) 


thermometer 
= > 
water 
condenser — out 
water out 
condenser 
— = 
water in id f 
water in 
impure product 
Past anti-bumping granules 
reaction mixture è 
6 
anti-bumping b 
granules | purified product 


heat 


> Figure 27 (a) Refluxapparatus\(b) simple distillation apparatus 


Reflux is used to minimize the loss of volatile substances during continuous 
heating of a reaction mixture. A condenser is placed above the reaction flask, so 
that any vapours rising from the reaction mixture condense and drip back down 
into the flask instead of escaping. 


Distillation is used to separate the components of a mixture according to their 
boiling points. The mixture is heated until the boiling point of the more volatile 
component is reached. The substance with the lower boiling point rises into 
the still head, condenses in the condenser, and is collected at the bottom of the 
condenser. Remember that temperature stays constant during state changes, so 
the temperature shown on the thermometer will remain constant at the boiling 
point of whichever substance is being distilled off. 


Figure 27(b) above depicts simple distillation, which separates a volatile 
liquid from a non-volatile solid (or two liquids with very different boiling points). 
For example, an aqueous solution of copper(ll) sulfate can be separated into 
copper(ll) sulfate and water using this method. 


Fractional distillation is a related technique, used to separate mixtures of two 

or more miscible and volatile liquids with similar boiling points (figure 28), such 
as an ethanol-water mixture. A fractionating column is fitted to the flask. As the 
mixture is heated, the substances in the mixture continually vaporize, rise into the 
column, condense on the glass beads and drip back down into the distillation 
flask. The cycle repeats many times. The vapours contain a greater proportion 

of the lower-boiling-point component, which eventually reaches the top of the 
column and enters the condenser. The receiving flask is sometimes placed in an 
ice-water bath, particularly if the distillate is volatile. A fresh receiver is used to 
collect each distillate. 


thermometer 


fractionating water out 
column with a 


condenser, 
large surface area ff 


cold 7 
water in 


distillation flask 
receiver 
anti-bumping 
granules 


T 


heat 


A Figure 28 Fractionaldistillation apparatus 


Industrial-scale fractional distillation is used'toseparate mixtures such as crude oil 
(figure 29) and liquidhair. 


Tool 1: Experimental techniques 


Practice questions 


26. Compare and contrast reflux 
and simple distillation. 


27. Compare and contrast’simple 
and fractional distillation» 


28. Primary alcohols such 

as ethanol are oxidized 
by acidified potassium 
dichromate; first to aldehydes. 
Eventually, and if thereis 
enough oxidizing agent, the 
aldehydes are further oxidized 

\ to carboxylic acids. Identify 

TA and outline Which technique, 
distillation or reflux, you would 
use if you were looking to 
obtain (a) an aldehyde and 
(b) a carboxylic acid. 


< Figure 29 An industrial fractional 
distillation facility, used to separate the 
components of crude oil 


Tools for Chemistry 


A Figure 30 Gravity filtration 


Isolation 


Drying to a constant mass 


When a solid is obtained in the lab, it may contain trace amounts of watery@ven if it 
looks dry. Solid samples are often dried to a constant mass to ensure thatithey,do 
not contain any water (or other volatile impurities). Drying to a constant mass involves: 


]. heating the sample 

2. allowing it to cool for a few minutes 

3. weighing it 

4. repeating the process until two consecutive equalmasses are obtained. 


A suitable heating method should be chosen to ensure that the desired solid 
does not decompose. Common heating equipment includes Bunsen burners, 
hotplates and drying ovens. 


Practice question (c= y ~A 


29. You can determine the water of hydration ofa hydrated salt, such as 
magnesium sulfate, by heating the salt to remove the water and measuring 
the mass before and after heating: 


Mig$O,xH,O(s) —= E5 rH Olg) + MgSO) 


4 


Explain why, when determining the water of hydration of magnesium 
sulfate, the magnesium sulfate should be heated to a constant mass. 


Separation of mixtures 


The method used to separate a mixture depends on the properties of the mixture 
components»For example, if one of the components is magnetic, it can be removed 
using a magnet. Mixtures of solids and liquids can be separated using filtration, 
crystallization or simple distillation. Mixtures of liquids can be separated with 
fractional.distillation or using a piece of equipment known as a separating funnel. 


Filtration separates particles according to their sizes by passing them through a 
medium, suchas filter paper, which contains tiny holes or pores. Filtration is often 
used to separate insoluble solids from liquids. Liquid or aqueous particles are 
usually much smaller than solid particles, so they easily pass through the holes in 
the filter paper. The solid left behind in the filter paper is known as the residue 
and the liquid that passes through is the filtrate. 


In gravity filtration (figure 30), as its name suggests, the filtrate passes through 
the paper due to gravity. 
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This process can be very slow, so it is sped up by fluting the filter paper. Fluting 
involves folding the filter paper into an accordion shape (figure 31) before placing 


it inside the funnel. 
AJZ- 


fold to crease the fold to crease the his is the open filter 
quarter sections eighth sections ar shape cone 


A Figure 31 Figure showing the steps for making a fluted cone from circular filter paper 


Vacuum filtration is quicker than gravity filtration, and it is often used when the 
residue is the desired component of the mixture. The mixture is loaded onto a 
sheet of moist filter paper laid flat on the perforated plate inside a Buchner funnel. 


Suction from a vacuum pump draws the liquid through the filter paper and into filter paper 
a receiving flask underneath (figure 32). Care must be taken not to overfill the 

funnel to prevent the solid from slipping under the filter paper. The residue is Buchner 

usually rinsed three or four times with the solvent to remove soluble impurities. funnel 


A solid can be crystallized out of a solution by removing thessolvent. Most of 


the solvent is evaporated off by heating it over boiling water until the solution =» vacuum pump 


becomes saturated. The solution can be checked for saturation:by spotting a Be § 

drop of it onto a cold tile and watching for theformation of crystals as it cools. The 

bulk of the remaining solution is left to cool slowly.to allow crystals.to form. Finally, 

any remaining solvent is removed from the crystals by filtration (if necessary), and 

the crystals are allowed to dry to a constant mass.on’a watch glass. A Figure 32 Vacuum filtration apparatus 


copper(II) sulfate 
solution 


an © evaporating 


basin 


b 


boiling 
water 


solution from 
Bunsen evaporating basin 


cold tile leave for a few 
days to crystallize 


A Figure 33 Crystallization apparatus 
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A solvent can also be removed from a solute through simple distillation, or rotary 
evaporation, which is a type of distillation performed at low pressures to reduce 
the solvent's boiling point. 


Practice questions ana 


30. Figure 34 shows the preparation and isolation of salt crystals from the reaction between an acid and an insoluble 
base. Copper(|!) sulfate crystals can be made this way, from the reaction between sulfuric acid and Copper(Il)"oxide. 


salt unreacted 
solution base 
warmed 
mixture of phan 
excess base filter 
and acid —__> funnel > crystals 
start to 
form 
a 


è 
Va 
filter to.remove 


evaporate the filtrate until 
unreacted base 


crystals start to form 


ww leave to 
salt cool 
crystals 
> <—____. 


dry crystals\to 
constant mass 


heat 


filter the cooled 
mixture 


A Figure 34 Summary of the preparation and isolation of an inorganic salt by reacting an insoluble base with an acid 


a. _Jdentify what is removed'in, the first filtration step. 


b Sometimes solvents‘areevaporated by heating the evaporating dish 
directly as shown. Discussithe advantages and disadvantages of doing 
so, compared'With heating the evaporating dish over a hot water bath as 
discussed,earlier inthe chapter (figure 33). 


c. Suggest why the solution is not evaporated to dryness. 


Miscible liquids can be separated by fractional distillation. Two immiscible 
liquids (such as oil and water) can be separated by placing them in a separating 
funnel (figure 35). After ensuring that the stopcock is closed, the mixture is 
poured into the funnel. Soon after, the liquids form two distinct layers. The 


oO 


denser, lower layer is then drained into an underlying beaker by opening the water 


stopcock, slowing down as the interface between the two layers approaches the 
narrower neck at the bottom end of the funnel. 


Separating funnels are also used to selectively extract solutes from one solvent 
into another. 


Recrystallization 


Recrystallization is a purification process based on selective solubility that can be 
used to isolate a desired solid from a mixture of solids. Recrystallization is often 
used to purify organic synthesis products. This isolation technique requires a 
solvent that selectively dissolves different components of the mixture depending 
on the temperature. 


The mixture of solids typically contains three types of components, each with 
different solubilities in the identified solvent: 


e — impurities that are insoluble in the solvent at all temperatures 
e — impurities that are soluble in the solvent at all temperatures 


e the desired solid that we wish to isolate, which must be soluble inthe solvent | 
when hot, but insoluble when cold. 


The recrystallization process is detailed in figure 36. 


impure insoluble impurities 
solid 
solvent tet a filter 
cold 
water 
= pure crystals forming 


A Figure36 Recrystallization process 


1., First, theimpure solid is dissolved in hot solvent. This causes the desired 
solid:to dissolve, along with any soluble impurities. 


2a Any insolubleimpurities are removed by hot filtration. 


3. The filtrate is allowed to cool slowly. Crystals of the desired solid form while 
thesoluble impurities remain in solution. 


4. Cold vacuum filtration follows, removing the soluble impurities and isolating 
the erystals which are then dried. 


In a more complex form of recrystallization, two solvents are used. The process 
starts off as usual, but after the hot filtration step, a second solvent is added that 
dissolves the remaining impurities but not the desired solid. This causes the 
desired solid to precipitate out. 


Tool 1: Experimental techniques 


liquid 


interface 


oil 


water runs out 


of funnel 


& Figure 35 Separating an oil-water 
mixture with a separating funnel 


. Miscibility of liquids, molecular 


polarity and intermolecular forces 


pure crystals 


i= 


vacuum 
“pump 


\ are all discussed in Structure 2.2. 
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Practice questions 


31. What method would you 
use to separate the following 
mixtures? 


a. asuspension containing 
solid barium sulfate and an 
aqueous sodium chloride 
solution 

b. anethanol-water mixture 

c. asodium chloride solution 

d. amixture of water and 
cyclohexane 

e. aspirin, from a mixture 


of soluble and insoluble 
impurities 


© Data-based question 


Analysis 
Melting point determination 


The purity of a solid can be assessed by measuring its melting point. Organic 


solids frequently melt at low to moderate 
solid is p 


temperatures. A small sample ofthe 


aced in a capillary tube. The sample is heated, observed closely, noting 


down the temperature(s) at which it starts and finishes melting. Pure sūbstances 
have sharp melting points that agree with published values. Ifimpuritiesare 


present, 
temperatures. 


he melting point is usually lowered and the solidimelts overa range of 


Figure 37 shows how a Thiele tube can be used ina melting point determination. 


The capi 
lowered 


lary tube containing the sample 


is attached to.a thermometer and 


into an oil bath. The oil bath is thensheated, slowing down the heating 


rate as the expected melting point is approached. Two temperaturesare 


recorded: first, when the tiny yet visible d 
entire sample has just melted. 


thermome 


and out of. 


roplets appear, and second, when the 


er 


opening to allow.airin 


he apparatus 


capillary 


heat 


ube 


rubber band 
ail or water bath 


A Figure 37 Melting point determination 


with a Thiele tube 


Electronic melting point apparatus may contain a built-in magnifying glass that 


facilitates observation of the sample. 


The followingymelting point data were collected after performing certain organic syntheses. Outline what can be 
concluded aboutithe purity of the products. 


Experiment 


Synthesis of aspirin 


Experimental melting point of | 
product /°C+1°C 
122-129 


Theoretical melting point of 
product / °C 


Synthesis of methyl 3-nitrobenzoate | 


76-77 
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Chromatography 


Chromatography is a collective term for a group of methods in which a mixture is 
analysed by the separation of its components according to their relative affinities 


to the mobile and stationary phases. The two types of chromatography you 
are likely to encounter as a DP chemistry student are paper chromatography . 


(figure 38) and thin-layer chromatography (TLC) (figure 39). 


solvent front ae 
beaker — eee 


with lid 


chromatographic 


paper 
(stationary phase) 


A sample start line 


solvent 


(mobile phase) 
A Figure 38 The set-up for paper ey ting chromatog 


thin layer of 
adsorbent 
coating — SiO2 


components 
separate out 
on plate 


solvent 


The end of the TLC 


A small amount ofthe 
sample in solution is 
spotted onto the plate 


plate is immersed in 
a pool of solvent 


gths marked L,, L,, Lo and L, indicate the distances travelled 


ASRR 
p values. 


The calculation of R, values was discussed in Structure 2.2. Review the content of 
Structure 2.2 and answer the practice questions on the next page. 
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Practice questions 
32. Figure 40 shows a chromatography experiment involving leaf pigments. 
a. Outline whya lid has been placed on the container. 


b. Explain which component in the mixture has the greatest affinity for the solvent. 


33. Astudent investigating the components of a black food colouring sets up a 
chromatography experiment as shown below: 


beaker with lid 


chromatography 
paper 


solvent 


start line 
drawn in ink 


black food 
colouring 


A Figure 40 Paper 
chromatogram of leaf pigments 


Describe and explain two errors in the set-up shown. 


34. Complex mixtures can be separated using a technique known as 
two-dimensional chromatography. The chromatogram is run in one 
solvent, rotated 90°, and run again in a secondisolvent (figure 41): 


x =origin 


run the chromatogramvin turn the paper 90° run the chromatogram 
solvent] in solvent 2 

(butanol / ethanoic acid / (phenol / water) then add 
water mixture) locating agent 


A Figure 41 Two-dimensional chromatography of an amino acid mixture 
Study figure 41 and.answerthe questions below: 
a. State which aminoacid has the greatest affinity for solvent 1. 


b. “Aminoacids all contain amino (-NH;) and carboxyl (COOH) groups, which are polar and form hydrogen 
bonds. Between these two functional groups is a carbon atom, to which a substituent known as an R group is 
attached. The identity of the R group is different for different amino acids. The structures of aspartic acid (Asp), 
glutamic acid (Glu) and leucine (Leu) are shown below. With reference to their structural features, suggest why 
these amino acids have different affinities for the two solvent systems. 


HyN—CH—COOH H2N—CH—COOH H2N—CH— COOH 
| l l 
CH2COOH CH2CH2COOH CH2CH(CH3)2 


aspartic acid, Asp glutamic acid, Glu leucine, Leu 


Practice questions 


35. Remember that the R, value is calculated as follows: 
distance travelled by the spot 

distance travelled by the solvent 

Refer to the chromatogram below and: 


F 


a. calculate the R, value of the top spot. Assume that length A = 3.95 cm and B = 5.02 cm. 


b. estimate the R, value of the middle and bottom black spots. 


Calorimetry 


We can measure the amount of heat released (or absorbed) during a 
chemical reaction using a technique known as calorimetry, which is 
discussed in Reactivity 1.1. The basic principle of calorimetry is that the 
reaction’s enthalpy change (which we cannot measure directly) causes 
a measurable change in the temperature of a known mass of water. It is 
assumed that no energy is lost to the surroundings, although in practice 
heat loss is a large source of error in calorimetry experiments. Heat loss 
can be minimized by insulation. 


Figure 42 illustrates a calorimetry experiment involving the’reaction 
between magnesium and dilute hydrochloric acid. Note that it is 
carried out in an insulated container, such as a polystyrene cup, to 
minimize heat loss to the surroundings. 


Practice questions 
Review Reactivity 1.] and answer these questions. 


36. The experimental/set-up in figure’42 is used to determine the enthalpy of 
the reaction between\magnesium and dilute hydrochloric acid. 


a. Identify twe measures shown in the diagram that will lower the heat 
lost to the surroundings duringythe reaction. 


bææ Suggesta modification that would further minimize heat loss. 


37. Acalorimetry experiment is performed in an insulated container using 
5.0 Qof zinc and excess*hydrochloric acid to determine the enthalpy 
of reaction. Thetemperature rise was 11.0 °C and the mass of the acid 
solution was 200g. 


a. Write a balanced equation for this reaction, including state symbols. 


b. State and explain whether the reaction is exothermic or endothermic. 


C> ‘Calculate the amount of heat released, in kJ. 
d.y Determine the enthalpy change for this reaction, in k} mol". 


e. Aldentify two assumptions made in the calculation above. 


hydrochloric 
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e 
B 
A 6 
t 
thermometer 
lid.(with hole) 


|| 
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dilute powder 
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A Figure 42 Calorimetry of the 
reaction between magnesium and dilute 
hydrochloric acid 
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thermometer 


calorimeter 


water 


A Figure 43 Determining the combustion 
enthalpy ofa fuel 


Practice question 


38. A student performed the 
experiment shown in figure 43. 
They took the following steps: 


e poured 20cm? of water 
into the calorimeter 


e weighed and lit the spirit 
burner without the cap 


e measured the temperature 
of the water for one minute 


e — extinguished the spirit 
burner, keeping the cap off 


e — replenished the water in 
the calorimeter 


* weighed the spirit bummer 
a second timeto find the 
mass of fuel/;consumed. 


Suggest two practical’measures 
that would.improve the 
reliability of theexperiment. 


Enthalpies of combustion can be determined using the apparatus shown in 
figure 43. A measured mass of the fuel is combusted in a spirit burner below 

a copper calorimeter containing a known mass of water. In this case, the 
calorimeter is made of a thermally conductive material to facilitate the energy 
transfer from the combustion reaction to the water. Heat from the combustion 
reaction is also transferred to the calorimeter, and this should be considered 
when processing the results. Heat is also transferred to the surrounding air, but 
this is difficult to quantify and should therefore be minimized. 


© Data-based question 


A student carried out the experiment shown in figure 43 to determine 
the enthalpy of combustion of butan-l-ol,,C,H9OH. The following results 
were obtained: 


ass of copper calorimeter/ g+0.01g 24.03 
ass of copper calorimetemand water /g+0.01g 99.92 
Temperature of water beforé combustion /°C+0.1°C 


ass of butan-1-ol spiritlburner before combustion / 75.47 
g+0.01g 


Temperaturé of waterafter combustion / °C + 0.1 °C 
ass of butan-l-ol spirit burnerafténcombustion / g+0.01g — 38 


Use these data to calculate the experimental enthalpy of combustion. Note 
that the specific heat capacity of water is 4.18 k] kg! K7! and the specific heat 
capagity of copper is 0.385k)/kg! K7. 


Titration 


The unknown concentration of a substance in solution can be determined by 
reacting it witha standard solution of known concentration and volume ina 
titration(figure 44). 


use a beaker and funnel 
to fill burette 


\y— leave air gap 
when filling 


the burette reading is 
taken from the bottom 
of the meniscus 
use left 
hand to 
control the 
flow rate 


swirl the flask 
with right hand while 
the drops are being added 


A Figure 44 Titration apparatus. Note: left-handed chemists usually swirl the flask with their 
left hand and control the flow rate with their right 


The equivalence point, the point at which the reagents are present in 
stoichiometric amounts, must be easily identifiable, and this is often achieved 

by observing a colour change. In acid-base titrations, and many redox titrations, 
an indicator is added to the reaction mixture. This indicator changes colour 

at or near the equivalence point. Some redox titrations are said to be self- 
indicating because the change in oxidation state of at least one of the reagents is 
accompanied by a colour change. 


Normally the burette holds the standard solution, and the flask below contains 
the solution of unknown concentration (or analyte). The titration is performed 
as follows: 


e Rinse the burette: A small amount of standard solution is added to the 
burette, which is then tilted and rotated to ensure that its entire inner surface 
comes into contact with the solution. The solution is then drained from the 
burette through the tap and the process is repeated twice more. 


e Fill the burette: With a funnel, the burette is filled with standard solution to. 
the zero mark or just below. The funnel is removed, bubbles are removed 
from the tip by draining some of the titrant, and the burette volume is noted 
by taking a reading at the bottom of the meniscus. 


e Rinse the volumetric pipette: The volumetric pipette is rinsed.with a small 
amount of analyte three times. 


e Prepare the conical flask: Using the volumetric pipette, aknown volume of 
analyte is transferred into a clean conical flasks Aifew drops of indicatoare 
added, and the flask is placed under the burette. You may choose to. place it 
ona white paper or tile to be able to better distinguish the colour change: 


e Rough titration: The standard’solutionmis quickly delivered from the burette 
into the conical flask, which is continuously swirled, until the endpoint is 
reached (when the indicatonchanges colour). The purpose of this step is to 
give you a rough idea of how muchystandard solution is required to reach 
the end point. The final burette volume is noted, and the burette is refilled if 
necessary. The contents of the conical flask are discarded in a suitable waste 
container. The flask is rinsed with distilled water and it is placed back below 
the burette. The, results will not beyaffectedhif it is slightly wet, as long as it 
is clean. 


e Accurate titrations: The titration is repeated. This time, the standard solution 
is added swiftly, with swirling, and the addition is slowed down within a few 
em? of the’end point. Dropwise addition of the standard solution as the end 
point.is approached will allow an exact (to the nearest drop) volume of titrant 
to be established. Thavolume of titrant is recorded, and the accurate titration 
is repeated until atleast two concordant results are obtained (typically within 
0.1 cm? of ach other). 
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A Figure 45 A student performing a 
redox titration. The solution in the burette 
is potassium permanganate, KMnO,, which 
is dark purple and obscures the meniscus. 
In this case the top of the meniscus should 


be read 
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Titrations do not always need indicators. The end point can be determined from 
changes in certain properties of the solution, such as electrical conductivity or 
temperature, which can be measured over the course of the titration. These 
titrations are known as conductometric and thermometric titrations, respectively. 


Practice questions 


39. a. Explain why the burette and pipette need to be rinsed with the 
solutions of reagents, instead of pure water. 


b. Explain why arough 


titration is needed: 


c. Explain why it does not matter if the conical flask holding the analyte 


is wet. 


d. Identify at least three mistakes to avoid when performing attitration. 


e. Agroup of students 


know that the concentratiomofa hydrochloric 


acid in their lab is approximately 0:2 mol dm. They find the exact 
concentration of HCl(aq) by titrating it against a solution of sodium 
carbonate, NayCO3(aq)»Sodium carbonate is ayprimary standard: 
it is a stable solid that is available in a high-purity form and does not 
absorb water or carbon dioxide from the atmosphere. 


i. Write a’ balance’ 


d equation for the reaction between hydrochloric 


acid andysodium carbonate. 


ii. ~ The students found that O.300g of sodium carbonate was 
neutralized’exactly by 23.83 cm? of the hydrochloric acid 
solution. Determine thé concentration, in moldm™, of HCl(aq) in 
the solution from the students’ results. 


Construction of electrochemical cells 


In DP chemistry you.need to know how to construct two types of electrochemical 
cells: electrolytic and voltaic. They both involve electrodes, electrolytes, and a 
complete circuit, allowing electrons to be gained by chemical species at one 


eléctrode (reduction) and lost 


Electrolytic cells convert elec 


at the other (oxidation). 


rical energy into chemical energy (Reactivity 3.2). 


Electrolysis is a non-spontaneous process and therefore it requires a continuous 
energy input, usually in the form of a cell or battery pack. The electrodes 
are usually made ofan inert material, such as graphite or platinum. Some 


applications, such as electrop 


ating, involve active electrodes. These are 


electrodes that are themselves oxidized or reduced, rather than simply acting as 
a site for oxidation or reduction to occur. 


The silver anode in figure 46 is an example of an active electrode. 


Helle 


+ 


: Agr Agt+ e7 
silver g 9 nickel spoon 


anode Agt+e-+Ag | tobe plated 
(cathode) 


silver nitrate solution 


A Figure 46 An electrolytic cell used to electroplate an object placed at the cathode 


Electrode placement depends on the nature of the products released at the 
electrodes. Gaseous products can be collected in inverted tubes. Figurë 47 

shows a Hofmann voltameter, in which slightly acidified water is being 
electrolysed, producing hydrogen gas and oxygen gas. The electrodes are located 
at the bottom of the tube to allow the gas bubbles to rise for collectionratthe top. 


oxygen hydrogen 


cathode 


A Figure 47 A Hofmann voltametenis used:for electrolysing water. Can you explain the 
relative volumes of the gases collected atthe top of the tubes? How could the identity of the 
gases be confirmed? Note that thejpower supply has been omitted from the diagram 


lfelectrolysis leads to the formation of a solid product, it will usually plate the 
electrode and therefore be readily observable. The quantification of solids 
produced in electrolysis requires measuring the difference in mass of the 
electrode, as Wellas collecting any solid particles or flakes that might fall to the 
bottom of the electrolytic cell. 


Quantitative electrolytic investigations require careful control of many variables, 
including electrode surface area, temperature, time and potential difference 
applied. The electrodes should be thoroughly cleaned and dried before the 
experiment. 


Tool 1: Experimental techniques 


Tools for Chemistry 


Electrolytic and voltaic cells are 
discussed in Reactivity 3.2. 


A Figure 50 A voltaic pile powering an 
LED. It is a series of alternating copper coins, 
paper soaked in vinegar and zinc washers, 
similar to the first battery constructed by 
Alessandro Volta in the 18th century 


In voltaic cells, chemical energy is spontaneously converted into electrical 
energy. When two half-cells are connected in a circuit, a potential difference 
arises, causing current to flow as oxidation occurs in one half-cell, and reduction 
occurs in the other (see Reactivity 3.2). The potential difference can be measured 
by connecting a high-resistance voltmeter to the electrodes (figure 48). 


Cu cathode 


Zn(s) + Zn2*(aq) #2e- Cu2*(aq) +/2e- > Culs) 
movementof cations 


movement of anions 


A Figure 48 A voltaic cell: Electrons flow in the externalcircuit from anode to cathode. In 
the salt bridge, cations.and anions flow towards the'cathode and anode, respectively 


A saltdoridgeconnects the two half-eells tocomplete the circuit and prevent 
the buildup of charge. It isa source of mobileimert ions. A salt bridge can be 
constructediby. filling a U-tube withagar mixed with an inert electrolyte (e.g. 
potassium chloride or sodium sulfate) and plugging it at either end with cotton 
wool. A simpler alternatives using a strip of filter paper soaked in a saturated 
solution of the inert electrolyte and dipping its ends in the two half-cells 
(figure 49). 


A Figure 49 The zinc and copper half-cells in this voltaic cell are connected 
by a paper salt bridge 


Electrode identity, electrolyte concentration and temperature are among the 
factors affecting cell potentials. Other factors include electrode surface area, 
placement and how long the cell has been running (because this affects the 
electrolyte concentrations). As with electrolytic cells, the electrodes should be 
thoroughly cleaned and dried before connecting them in the circuit. 


Practice question 


40. Compare and contrast electrolytic and voltaic cells. 


Colorimetry and spectrophotometry 


Spectrophotometry is an analytical technique that is based on a sample's 

interaction with light of a certain wavelength. Spectrophotometry uses a range 
of UV, visible or IR radiation. Colorimetry is a similar technique that is limited to 
wavelengths of visible light. 


In both spectrophotometry and colorimetry, lightis passed through the sample, 
then detected (figure 51). The incident and transmitted intensities of light are 
compared to determine the absorbance. The relationship between absorbance 
and concentration is quantifiable, and it is often presented in the form ofa 
calibration curve. The calibration curve can be used to determine the concentration 
of a solution by measuring its absorbance of light ofa particular wavelength. 


Tool 1: Experimental techniques 


wayelength 
280nm | 

absotbancey 

0.347 


w \ cuvette detector digital 


light monochromator with 


source 


A Figure 51 Asingle-beam UV-vis spectrophotometer 


output 


sample amplifier device 


Mathematically, the absorbance (A) is calculated from light intensityras follows: 


A=log 


Lo) 
i 


where J, is the intensity of the incidentlight and Z is the intensity of the 


transmitted light. 


Absorbance is also proportional to th@ concentration of the solute (c): 


A =fecl 


where 1 is the cuvette (sample container) length, in cm, and 
g is a constant(knownias.the molar extinction coefficient) 
that depends on the solvent naturesand the temperature 

of the solution If the same cuvette and experimental 
conditions are used, the productof ¢€ and / also becomes a 
constant. Therefore, the concentration can be determined 
by comparing an absorbance measurement to a calibration 
curve of absorbancews concentration (figure 52). Note that 
this relationship, becomes.non-linear at high concentrations, 
so solutions with lowcoencentrations should be used for 
precis@measurements. 


2.04 


absorbance of 
unknown sample 


absorbance 
Oo 


concentration of 
unknown sample 


T T T T 


(0) 10 20 30 40 50 
concentration/ug cm~3 


A Figure 52 Use of a calibration curve to determine the 
concentration of an unknown sample 


Tools for Chemistry 


While spectrophotometers often measure absorbance over a range of 
wavelengths, a simple colorimeter can only determine the sample's absorbance 
at a specific wavelength of visible light. The colorimeter’s wavelength setting 
should correspond to a wavelength that is strongly absorbed by the sample. The 
light absorbed by a coloured solution is complementary to the colour observed. 
Complementary colours are placed opposite each other in the colourwheel 
(figure 53). For example, a blue solution absorbs orange light corresponding to 
wavelengths between 585 and 647 nm. A colorimetry experimentinvelying this 
substance should therefore use a wavelength that falls within this range. 


$75 nm 


A Figure 53 The colourwheel 


© Data-based question 


Practice questions | The absorbance. of a protein solution of unknown concentration was found to 
be 0.285. Using thevcalibration curve below, determine the concentration of 
the protein in this solution. 


41. A student constructed a 
calibration curve by recording 
the absorbance at 490 nm of f 
solutions containing varying } 
concentrations‘of|FeSCN/?*. 


a. Suggest thacolour of the 
[FeSCN]** solution. 


o 
w 
O 


b.¢ The calibration curve gave 
a linear relationship with 
the following equation: 


A = 14000x c 


o 
N 
© 


absorbance 


where A is absorbance 
at 490.nm and c is 
the.concentration of 
[FeSCN}**+, in moldm™. 


Determine the 0.00 
concentration ofa sample 0.00 0.10 0.20 0.30 0.40 
of [FeSCN}*(aq) with an 
absorbance of 0.225. 


protein concentration / mmol dm-3 


Tool 1: Experimental techniques 


Molecular models 


Certain features of molecules, such as molecular geometry, are not apparent 
from Lewis or structural formulas. Models help us visualize the three-dimensional 
structure of a molecule. In addition, models can be rotated (manually or digitally) 
to observe different structural features and molecular geometry, as well as 
allowing us to predict how molecules might interact with one another. 


Models can be built from molecular model kits or constructed using digital 
modelling software. While model kits are usually ball-and-stick models, digital 
models can be toggled between this and other types of visualizations, including 
space-filling models (often based on van der Waals radii) and molecular 
electrostatic potential (MEP) surfaces. Digital models can easily be saved as files 
for future reference or communication. 


A Figure 54 A molecular model of ice 


Oxy atk 
structural formula ball-and-sticksmodel 
space-filling model MEP surface 


A Figure 55 Various representations of sucrose 


Practice questions 


42.«Discuss the advantages ‘and.disadvantages of digital molecular models 
compared to physical modelsin the following scenarios: 


a. school science labs 


b. scientific research. 


The construction of digital models of very large molecules, such as proteins 
and.othenbiomolecules, has revolutionized modern drug development. 
The interactions between potential drug candidate molecules and their 
biologicaltargets are now explored using software. This process is known as 
computer-aided drug design. Ifa promising group of molecules is identified 
computationally (in silico), they can then be synthesized and investigated 


in a laboratory (in vitro). Drug development is extremely resource-intensive; A Figure 56 Molecular model of the 
technology and computing power can help to streamline the process by quickly protein rhodopsin, which is involved in 
screening vast numbers of different molecules and targets. vision 


Tool 2: Technology 


Sensors 


Sensors are digital devices that can be used to measure physical properties 
and transmit the results electronically. Common sensors in school chemistry 
labs include temperature probes, pH probes, light sensors.and conductivity 
probes. Digital sensors and other devices, such as colorimeters, are 
convenient because they: 


e provide a practical and easy way to measure certain properties that would 
otherwise require bulky equipment or time-consuming analyses (fonexample, 
light sensors or dissolved oxygen sensors) 


e — often produce more precise results than the alternative equipment or 
traditional laboratory techniques (for example, pH sensors.as compared to 
acid-base indicators) 


#BE4A56 


* can be connected to dataloggers that collect and savearge amounts of data 
at regular intervals, 


However, sensors often. requiré calibration beforeuse. If you are going to use 
one, find out how tocalibrate it by checking the manual first. Colorimeters and 
pH probes are examples of digital devices that require frequent calibration. 


© 
-= 
oO 
Mm 
n 
m 
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Smartphones also contain sensors, and alongwith certain apps they can make 
usefulmeasurements iná chemistrylab, US chemists Thomas Kuntzleman and 
A Figure 57 The view through the Erik Jacobson devised away to create a simple yet effective colorimeter using 
smartphone RGB analyser on a blank a cardboard cuvette-holding chamber, a smartphone red green blue (RGB) 
cuvette (top) and a 0.50moldm™ copper(ll) “355 and coloured construction paper that was published in the Journal of 
sulfate solution (bottom): The phan Chemical Educationin the case of a blue copper(I!) sulfate solution, where the 
application records the average R, G; and complementary'colour fed is absorbed, the incident and transmitted R (red) 


B values of the pixels within the circle. | dag and! ivel lout bear (fi 57) 
Given the R values for the blank(190) and values were usea as 0 an v respective W to calculate absorbance igure $ 


the analysed solution (53), an absorbanñče 
of 0.554 was obtained for the copper(I!) 
sulfate sample 


Because phones are items that people frequently touch and carry outside 
the laboratory, care must be taken to keep them well away from hazards. 
A3D-printed cuvette holder could be designed for sturdier support of the 
analysed sample. 


]. Make alist of the sensors available in your school. 


2. If available, download an RGB app onto a smartphone or tablet. 
Investigate how the following affect the RGB values registered by the 
app. Remember to get approval from your teacher before trying any of 
these out. 


a. Colour ofa solution (you could experiment with distilled water and 
different food colouring dyes, for example). 


b. Concentration of a coloured solution of your choice. 
Colour of the background placed behind the sample. 


d. Path length (i.e. the length of sample the light travels through before 
reaching the detector). 


Tool 2: Technology 


< Figure 58 Modern-day scientists 
researching a frozen lakein Antarctica. 
What might'they be investigating? Find 
out about some of the current chemistry 
research being done in theAntarctic 


Spreadsheets 


Spreadsheets are powerful data manipulation and analysis tools that you can 

use for entering and processing large amounts of data. Operators, formulas 

and functions tell the software to perform certain operations’ Even with a small 
selection of simple operators, spreadsheets will help you to,process experimental 
data quickly and efficiently. 


Figure 59 shows two screenshots of an Excel spreadsheet. The values in the last 
two columns shown in the first screenshot have been calculated/automatically 
using the formulas shown in the same columns of the second screenshot? 

Note that each formula in Excel bégins witħan equal sign (=) followed by cell 
references (e.g. E7) and operators, suchyas multiplication (*) and division (/). 
Brackets are used to change the order of operations. Note that all processed 
values should be strictlynumerical beeause most operators in Excel do not 
recognize numbers that are.entered into the same'¢ell as letters. 


(a) 


4 


A A eS K Yy D E F a 
Primary | Mass of Change in Change in spirit Molar mass of | Amount of Enthalpy change 
1 alcohol water/g temperature/K burnermass/g alcohol/gmol-1 alcohol/mol — /kJ mol-1 
2 methanol = 78.8 ‘eT Og 1.26 32.04 0.039325843 -319.1166302 
3 “ethanol 80 38.8 1.22 46.07 0.026481441 -489.9552052 
A" butan-ol 79.9 38.4 1.09 74.12 0.014705882 -872.0937984 
a5 pentan-l-ol 80.3 b- 41 1.12 88.15 0.012705615 -1083.128486 
(b) 
IPT O &% € D E F G 
‘Primary ‘Massof Changein Change in spirit Molarmassof Amountof Enthalpy change 
1 ‘alcohol, water/g temperature/K burner mass/g alcohol/g mol-1 alcohol / mol /kj mol-1 
2 methanol 78.8 38.1 1.26 32.04 =D2/E2 =(B2 *4.18*C2)/(1000*F2) 
3 ethanol 80 38.8 1.22 46.07 =D3/ E3 =-(B3*4.18*C3)/ (1000*F3) 
4 butan-l-ol 79.9 38.4 1.09 74.12 =D4/ E4 =(B4*4.18*C4) /(1000*F4) 
5 pentan-l-ol 80.3 4 1.12 88.15 =D5/E5 =-(B5*4.18*C5) /(1000*F5) 


A Figure 59 An Excel spreadsheet used to calculate the enthalpy of combustion of primary alcohols from experimental data. The values 
and formulas are shown in the upper and lower images, respectively 


Tools for Chemistry 


While symbols such as * and / and ^ are used in spreadsheets (and some 
calculators), you must not use this notation outside the spreadsheet, for example, 
when explaining your calculations as part of a lab report. Common spreadsheet 
operators and functions are summarized in table 1. 


+ | addition ~=A54+B5 
Ale it Finds the sum of values in cells AS and BS. pV, | 

= subtraction =A5—B5 

| | Subtracts the value in cell B5 from thatin A5. 

E | multiplication T =A5*B5 > 4 g À 

| | | Finds the product of values in cells AS and BS N N 
/ “division =A5/B5 | 

| | | Divides the value in cell AS by that in BS. -A 9 | 
A | power =A5^2 

| | | Finds the square of the value in cell AS. N y | 
=EXP() | exponent =EXP(A5) 


Raises e (baseof natural logarithm, 2.718282...) to the power of the 
value in cell AS. This, function is inverse of =LN() 


i | 


=AVERAGE() | mean (average) | =AVERAGE(A5:A8) 
ss Finds he mean (average) of thevalues in cells A5 to A8. 
| =MAX() | maximum =MAX(A5:A8) 
| | Finds he maximum valuein cells AS to A8. | 
=MINO minimum S=MIN(AS:A8) 
o na Finds he minimum value in cells AS to A8. | 
=SUM() sum =SUM(A5:A8) 
| m: H Addsitogether the values in cells A5 to A8. | 
=LOG() | logarithm (base 10)  =LŁOG(A5) 
| N e {Computes the log (base 10) of the value in cell A5. | 
=LN() l natúral logarithm =bN(A5) 


| Computes the natural log (base e) of the value in cell A5. This function 


j is inverse of =EXP(). 


A Table 1 Common,spreadsheet functions 


More advanced spreadsheet functions that you might want to explore next could 
involve sorting data, conditional formatting, inserting scroll bars, vertical lookup, 
recording macros, etc. 


You can easily plot various types of graphs in spreadsheets. Remember to include 
all the features of good-quality graphs (see the Graphing section in Tool 3 for 
details). 


Most spreadsheets and graphing software packages can be used to plot a simple 
scatter plot, line of best fit and error bars. Depending on what program you use, 
some functionality may be limited, particularly when trying to plot different error 
bars on each point, drawing curves of best fit, or omitting certain points from the 
line of best fit. In such cases, you might be able to find a workaround, or print the 
graph and draw these on by hand. 


Tool 2: Technology 


Practice questions 


43. State the formulas you would enter into a spreadsheet to calculate the 


followi 


ng: 


0.400 


w 


5 
b. Th 


x 4.18 


e mean of 42, 32, 45, 46 and 48. 


c. —log(0.0034) 


d. 10 


“12.5 


e. the range of the values in cells A5 to A8. 


44. Describe the operation performed by each of the following spreadsheet 
formulas: 


a. =MAX(C6:C10) 
b. =SUM(D5,E7,G3) 


(A3*B3*4.18)/(C4/46.07). 


Cc. = 


45. An investigation into the effect of an impurity on the freezing, point of water 
gave the following results. 


10 -16 N7 | -A | 
15 LÆNT iar | 
30 NCR -3.1_ | -N 

45 M7 | -55a -53 | 


a. Enter these values into a spreadsheet and calculate the mean 


freezing points. 


b. Use the spreadsheetito plot a graph of these results. 


Databases 


Databases are digital repositories of large amounts of information, all organized 
to facilitate retrieval and continuous updates. In chemistry you might use 
databases to gather/information on: 


Elémen 


Physical 
Chemis 


Energet 
allard 


Spectra 


s and their properties (e.g. WebElements, created by Mark Winter at 


he University of Sheffield, UK) 


properties (e.g. Chemspider, created by the Royal Society of 
ry) 


ies data (e.g. NIST Chemistry WebBook, edited by Linstrom and 
at the National Institute of Standards and Technology, USA) 


data (e.g. SDBSWeb, created by the National Institute of Advanced 


ndustrial Science and Technology, Japan) 


olecu 
St. Olaf 


ar geometry data (e.g. CoolMolecules, created by Hanson et al. at 
College and Washington State University, USA). 


Tools for Chemistry 


You may use databases to look up two or three entries at a time, but sometimes 
you will conduct more complex database investigations involving large amounts 
of data. These tips will help you when extracting data from databases as part of 
extended investigations: 


* Spend some time exploring the database to get a sense of the types of data 
that are available. 


e Makea note of the search terms and search parameters you can use: 
e Organize the data you collect into a spreadsheet as you go along. 


e Many databases cite the original information source, so you should noterthis 
as well as the reference to the database itself. 


@ Communication skills 


Choose one of the databases mentioned.in this section. Spend 15 minutes 
looking around the databasesCome.up with three independent and three 
dependent variables that yourcould’explore with data extracted from the 
database. 


Share your ideas with your class. Tell them: 

e which databaselyou looked at and\what types.of information it contains 
* what you found easy and difficult whemusing the database 

* your listof three independentand three dependent variables. 


Listen toyour peers’ database idéas and identify one that you would like to 
lookat further. 


1.4 Usingiadatabase of your choice, investigate the melting points of: 


l e group 17 elements 


group 1 elements 


e period 3 elements. 


Explain any trends you observe. Refer to your knowledge of bonding and 
physical properties (Structure 2). 


2. Explore the electrical conductivity of the elements in a periodic table 
group or period of your choice by identifying and extracting data from a 
database of your choice. 


(Note: you might only find resistivity values. A material's resistance to 
electrical flow is its resistivity. The relationship between resistivity and 
] 


electrical conductivity is electrical conductivity = —————). 
resistivity 


Tool 2: Technology 


Modelling 


You have already come across models in your study of chemistry, for instance the 
ideal gas model, or atomic models. Scatter graphs help us model the relationship 
between two variables. As described in the NOS section of the subject guide, 
“models are simplifications of complex systems”. With the aid of technology, 
scientists can model the structure and reactivity of intricate chemical phenomena. 
The best way to develop a model is to start with a simple relationship or concept 
and build up from there. Here we will look at two examples of modelling tasks that 
are facilitated by technology: spreadsheet modelling and molecular mechanics. 


Spreadsheet modelling 


Spreadsheets can be set up to transform input variables into output variables in 
the context of a given system, such as equilibria. You can explore the effect of 
external disturbances on equilibrium concentrations, for example. US chemist 
Charles Marzzacco proposed an introductory spreadsheet model of a.simple 
coin-flipping equilibrium: 


k, 


heads (H) = tails (T) 
k 


im 


The input parameters are the initial concentrations of H and T, and the forward and 
reverse rate constants, k, and k. These parameters then/determine the H and Į 
concentrations over time, from which a concentration vs time graph is generated) 
We can now explore the effects of changing thenitial concentrations and the rate 
constants on the equilibrium concentrations and the equilibrium constant, K. 


The resulting spreadsheet values and formulas areshown in figure 60. Here we 
have added scrollbars to the spreadsheet proposed by Marzzacco),as. well as 
a calculation of the equilibrium constant, K, from the forward and reverse rate 


constants k, and k,, where K = +* 


k 
r 
[a A B c D | e VF G H f J K 
3 _ 1 Gi [H] and [T] vs time for a coin-flipping equilibrium system a T 
3| 0.25 T [=B4 [=87 
4 lib 1=C5/1 a Gal {$B$10*]3)+($B$13*K3) K3-($B$13*K3)+($B$10")3) 
on i= =a E 02 ($B$10")4)+($B$13°Kd) [aka-($8513*K4)}4($8$10")4) 
6 ou ($B$10*|5)+($B$13*K5) K5-($B$13*K5)+($B$10")5) | 
Hi Qa [g ($B$10*]6)+($B$13*K6) 6-($B$13"K6)+($B$10"]6) 
<T “05 ~ 0.15 ($B$10*]7)}+($B$13*K7) 74$8$13*K7)+($B$10*]7) 
5 ($8$10*|8)+-($8$13*K8) 8-($B$13*K8)+($B$10*]8) 
> O1 ($B$10*}9)+($8$13*K9) 9-($B$13*K9)+($B$10*}9) 
i. ~~ -($8$10*}10}+($B$13*K10) 10-(§B$13*K10)+($8$10"}10) 
g 1$8$10*/11)+($8$13"K11) 13* K+ 8$ 10") 
E 0.05 -($B$10*}12)+($B$13*K12) 13*K12)}4+($B$10%J12) | 
5) -($8$10*)13)+($B$13*K13) T3*KI3)+($B $10") 13) 
o -($B$10"]14}+($8$13"K14) 13*K14)+($8$10*"]14) 
1% 30 35 -($8$10*)15)+($B$13*K15) 13*K15)+($B$10"}15) 
-($8$10*}16)+($B$13*K16) 13*K16)+($B$10"J16) 
j [H] = [T] Time/s -($B$10*)17)+($B$13"K17) $13*KIZ)+($B$10"}17) 
Biha a Ea F] -($B$10*}18)+($8$13*K18) B$13*K18)+($B$10*}18) 
20 i -($8$10*)19)}+($B$13*K19) B$13*K19)+($8$107}19) 
zE i | 0-($B$10*J20}+$B$13"K20) B§13*K20)-+($B$10*]20) 
22) 1$8$10"/21}+($8$13"K21) B$13*K21)+($B$10*]21) 
23 [Kou ee | 2-($B$10*)22)+($B$13*K22) B$13*K22)+($8$10*]22) 
24| ($B$10*}23)+($B$13*K23) B$13*K23)+($B$10" 23) 
25 Iy 10*|24)+($B$13*K24) B$13*K24)+($B$10")24) 
26 a $10*J25)+($B$13*K25) B$13*K25)+($B$10*]25) 
27) | 10*)26)+($B$13 *K26) B$13*K26)+($B$10*}26) 
28 10*|27)+($B$13*K27) B$13*K27)+($8$107|27) 
29 10*|28)+($8$13*K28) B$13*K28)+($8$10*|28) 
30 10*|29)+($B$13*K29) B$13*K29)+($B$10*]29) 
31 E I fe i i. L R | [=K30$B$13"K30)+($B$10"]30) 


A Figure 60 Spreadsheet model of a simple equilibrium system. Source of data: C. Marzzacco, |. Chem. Ed., 1993, 70(12), p.993 


Tools for Chemistry 


Replicate the spreadsheet in figure 60. (If you are not able to include scroll 
bars, leave them out and simply change the input parameters manually.) 


a. Adjust the input parameters and explore the effect of changing the 
following parameters on the equilibrium: 


i. initial concentrations 


ii. rate constants. 


Remember to check what happens when you input both 
intermediate values and the extremes (very low and very high\values). 


b. Explore the effect of a sudden addition of H to the equilibrium 
mixture at 15 seconds by manually entering anUmber into cell J18 
that is larger than the number currently in that cell. 


Suggest how you Could explore the effect ofremoving H or T. 
d. Determine some of the limitations of this model. 
e. Extend the’spreadsheet to investigate; 


i. an equilibrium system composed of three species, for example, 
AY BSC 


ii. two equilibriarelated bya common species, for example, 
A=BaC. 


Molecular mechanics 


The development of molecular modelling has profoundly impacted our 
understanding of chemistry by greatly extending the scope of what chemists 


can “see”/afid,studysHere we will introduce molecular mechanics, which is a 
field of molecular modelling that treats atoms as balls joined by springs, in line 


with’classical,mechanics. A more complex area of molecular modelling, which 


o 
| water ia N 1040 is beyondthe scope of the DP chemistry course, involves the use of quantum 
_methanole “ty JE œ Mechanical principles to study the distribution of electron density in reacting 
methoxymethane | M52 species. 
A Table2 Bond.angles in molecular Figure 61 shows molecular models of water, methanol and methoxymethane, 
models of water, methanol and which can be analysed to explore the effect of substituents bonded to the 


methoxymethane (R and R’ represent either 


oxygen on the R-O-R’ bond angle. The bond angle data derived from each 
H or CH; substituents) 


model are shown in table 2. 


9 of 


© © 


A Figure 61 Molecular models of water, methanol and methoxymethane 


a. Outline the effect of replacing the H atoms with methyl groups on the 
bond angle. 


b. Using a molecular editor of your choice, replicate the molecules shown 
in figure 61. 


i. Compare the bond angle values in your models with those given in 
table 2. 


ii. Suggest possible extensions to this activity. 


Figure 62 shows a model of two water molecules approaching one another. 
For each distance, the potential energy between the two water molecules was 
calculated. This is summarized in table 3. 


| A SETAA V (m * -015 d 
| 11.2 A l > —0.45 

| 5.07 d i> 4 

| 178 ^ ) i 227.66 


A Table 3 Distances between two water molecules and the eso Ming potential 
energy values 


To begin with, the hydrogen atom in one molecule is located 15.5 A (or 

15.5 x107 m) from the oxygen atom ifthe other molecule, and the potential 
energy betweenithe twomolecules is =0.b5 kj mol”. As the molecules approach 
each other, the distance and energy both decrease until a hydrogen bond is 
formed. The model predicts that the hydt6gen bond will have a length of 1.78A 
(or W78 x 10;m) and an energy of -27.7 kJ mol. The validity of the model can 
beéverified by comparing these predicted values with experimental data. 


a. Build a model ofthe water molecule using a molecular editor of your 
choice, such as Avogadro. 


b. Explore the tools and visualizations available in that editor. 
c. Addasecond water molecule. 


d. Using the molecular editor, calculate the energy of the interaction 
between the two water molecules. 


e. Find out what happens when you add more water molecules and run an 
energy optimization. 

f. Build a different molecule and explore its interactions with other 
molecules. 


Tool 2: Technology 


A Figure 62 A molecular model of two 
Water molecules at distances of 15.5, 11.2, 
5.07 and 1.78A apart. In the last case, the 
molecules are close enough for a hydrogen 
bond to form 


TOK 


We observe the natural world 
through our senses. Molecular 
modelling allows us to observe 
interactions at a molecular 
scale, which are invisible to the 
naked eye. To what extent have 
advancements in technology 
extended our senses? 


Tool 3: Mathematics 


The purpose of this section is to help you ensure, understand and evaluate 

the reliability of your quantitative measurements and analyses as well as good 
communication. Mathematical skills, units, significant figures, uncertainties‘and 
graphs are relevant to nearly every topic in DP chemistry. If you.take advantage of 
every opportunity to reinforce these concepts, they will becomeyhabitual. 


Units 


According to the International Bureau of Weights and Measures (Bureau 
International des Poids et Mesures, BIPM), SI units should-be used; and, these 
conventions followed: 


e Aspace between a numerical value and its unit. 
e Decimal markers should be preceded by a number, even ifthis number is zero. 


e Different units should beseparated,by a space. 


Practice questions 
46. Which of the following are 48 «Identify and correct the mistake in each of the 
SI units? following: 
* metre,m af “time for reaction to happen = 16 sec 
e calorie, cal b. temperature = 304 °K 
e ounce, oz ch enthalpy of reaction = —77.5 kjmol" 
e — foot, ft d. mass=0.33g 
* cubic centimetre, cm? e. melting point = 277 °F 
* degree Fahrenheit, °F f. density = 0.78 g / dm? 
* millimetre of mercury,.mmHg g. volume = 500 cc 
e pascal, Pa h. amount = .5 mol 
e (kelvin, K i. amount=3.0g 
e „metre per second, m/s j. R=8.31 J/(Kmol) 


47..Whatis the SI unitfor eachof the following quantities? 


a. time 
b. energy 
c. volume 


d. amount ofsubstance 


e. pressure 


Tool 3: Mathematics 


Uncertainties 


Measurements (and the values derived from them) are always inexact. 

Repeating a measurement under the same conditions and with the same 
instrument produces randomly varying values. Factors influencing this random 
variation, known as random error, include instrument imprecision, fluctuations 
during readings and human reaction time. Random error is described by the 
uncertainty. Measurements should therefore be recorded along with their 
associated uncertainty and unit. For example, the temperature is given as 36.6 °C 
+ 0.1 °C or (36.6 + 0.1) °C in figure 63. This tells us that the measured value is 
somewhere in the range of 36.5°C to 36.7 °C. 


LD 
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A Figure 63 The temperature shown here is 36.6°C + 0.1,°C or (36.6 +0.1)°C 


Instruments with greater precision,give rise to measurements that have lower 
uncertainties. For instance, while the uncertainty of a measuring cylinder may 
be around + 0.5 cm?, the uncertainty of a)burette is typically + 0.05 cm?. The 
measurements obtained using the burette are therefore moreyprecise. 


Measured values should;be@ recorded with the correctlevelof precision and the 
uncertainty must be stated. Thedetermination of the uncertainty of a particular 
measurement usually involves one of the following: 


e — estimating'the uncertainty based on the display or scale on the instrument 
you are using 


e — uncertainty stated by the manufacturer of the measuring instrument 


*<_ estimating the range over which’a value fluctuates. 


Estimating the uncertainty of an instrument 


The way to estimate an instrument's uncertainty depends on whether it is digital 
Or analogue,(has.a scale). 


The uncertainty ofa digital instrument is its least count, that is, the lowest value 
abovezero that the instrument can register. This is usually the reading of “1” in 
the lowest decimal place on the display. Consider the mass shown in figure 64. 
The least/count is 0.1g, so the uncertainty is + 0.1 g and the mass of the powderis A Figure 64 The uncertainty of the 
recorded as 0.7g +0.lg. measurement is + 0.1 g 


Tools for Chemistry 


Analogue instruments have scales marked on them. The uncertainty is estimated 
nE as half the smallest scale division. The thermometer in figure 65 has scale 
divisions at every 1 °C. The uncertainty is half the smallest scale division, + 0.5 °C. 
Therefore, the temperature should be recorded as 37.0°C + 0.5°C. Remember 
bi that the last digit in the temperature value is estimated. In this case, it is Zero, 
p2 which means that the reading is on level with the 37°C tick mark onfe scale. 


Practice questions 


a T 4 


49. State the uncertainty of the measuring cylindemshown below. The scale 
has tick marks at every 1 cm?. 


A Figure 65 The temperature is 
37.0°C+0.5°C 


_ 50. State the measurement, including units and uncertainties, shown in the 
three images below. 
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Uncertainty given by the manufacturer 
A Figure 66 The uncertainty of this 


burette is stated in the label: + 0.05 ml Sometimes the uncertainty is stated on a label somewhere on the instrument 
(or + 0.05 cm?) (figure 66). 


Values that fluctuate 


Tool 3: Mathematics 


Sometimes the measured value fluctuates over time, for instance in the case of 


certain conductivity probe displays. In these cases, you can try to es 
uncertainty based on the variation in values you observe. 


For example, the rate of reaction between marble chips (calcium carl 
CaCOs) and hydrochloric acid can be explored by measuring the ra 
dioxide gas production using the apparatus in figure 67. However, d 


imate the 


bonate, 
e of carbon 
etermining 


the volume of gas at specific points of time is difficult because the bubbles 
interfere with the meniscus. In this case the measurement uncertainty is greater 


than half the smallest scale division on the measuring cylinder. To be 


tter estimate 


the volume measurements and their associated uncertainties, you could try 
slowing down the reaction. Alternatively, you could make a video recording 
during the reaction and subsequently pause it at different points to examine the 
scale. Another option is to use a gas syringe instead of the measuring cylinder, 


gas collecting in 
measuring cylinder 


hydrochloric acid 
and marble chips 


A Figure 67 In this set-up for measuring the rate of a 
gas-producing reaction) the bubbles interfere with the 
volume measurements andiincrease the uncertainty 


Further sources.of uncertainty 


Some/sources of uncertainty can be difficult to quantify. Examples 
include humanreaction time or change inthe appearance of the 
reaction mixture. These should be noted by the experimenter. 
Forexample, the reaction’between sodium thiosulfate and 
hydrochloric acid produces a precipitate, making the reaction 
mixture progressively opaque: The kinetics of this reaction can be 
studied by measuring how long it takes for a picture placed below 
the mixture to be obseured by the precipitate (figure 68). 


The stopwatch reading is 42 seconds, and the uncertainty of the 
instrument is 1 s (the least count). However, the actual uncertainty 
of the time measurement is probably much higher, as it must 
include the human reaction time and the uncertainty associated 
with the experimenter’s perception of the moment when the 

cross becomes no longer visible. 


look down at cross 
from above 


, clear 
i . 
solution 


solution 


cross “ N a 
white paper 


~ 


cross invisible ~ 


A Figure 68 Studying the kinetics of the reaction between 
hydrochloric acid and sodium thiosulfate involves measuring 
the time taken for the reaction mixture to obscure a cross ona 


piece of paper under the flask 


Tools for Chemistry 


Mathematical techniques 

help scientists communicate 
measurements and their 
uncertainties, make predictions, 
process and analyse data from 
experiments. What is the role of 
mathematics in the production 
of scientific knowledge? How 
does this compare to the role 
of mathematics in other areas of 
knowledge? 


In the case of the reaction between sodium thiosulfate and hydrochloric acid 
(figure 68), the random error can be estimated by repeating measurements and 
determining the range over which they vary. Suppose that the measurement 

is repeated five times under the same conditions and the following data are 
obtained for the time taken for the cross to become invisible: 


42s 39s 43s 44s 45s 


The mean time is 42.6 s x 43s. The uncertainty of a set of replicate values can be 
estimated in two ways: one based on the range of readingsand,theother on the 
mean value. 


]. Estimating the uncertainty by halving the range of readings 


We can estimate the uncertainty by halving the range of the readings. Here, the 


range is 45s — 39s = 6s. Half the range‘is a 3s. Therefore, the time forthe 
cross to become invisible is 43s + 3s. 


2. Estimating the uncertainty by finding the furthest reading from the 
mean value 


The values range from 39s to 45s; The mean value is 2s away from the top of the 
range (45 s — 43 s =2s) and 4s away from the bottom of the range (43 s — 39 s 
= 4s). The larger of the two's used as an@Stimate of the uncertainty. Therefore, 
the mean time*takeniforthe cross to be obscured under these conditions can be 
recorded as43 544s. 


© Data-based question 


A student measured the volume of hydrogen produced in the reaction 
between magnesium and dilute sulfuric acid after 2 minutes, producing the 
following results. 


Volume of H, (g) produced after 2 minutes 
/ cm? + 0.5 cm? 


Calculate the mean volume. 
Estimate the uncertainty by halving the range of readings. 


Estimate the uncertainty by finding the furthest reading from the 
mean value. 


Which uncertainty value would you report with the data? Why? 


Tool 3: Mathematics 


Measurements are limited in precision and accuracy. Some values in 
science are exact and have no uncertainty, for instance, the seven defining 
constants in the SI system. These constants are shown below: . 


hyperfine transition | Avo 9192631770 Hz 
frequency of Cs-133 


“speed oflightin vacuum ¢ | 299792458 [m5 ae 
Planck constant | 6.626 x 104 Js 
elementary charge 1602176634 Xx 1072 C N 


E 
h 
e 
Boltzmann constant k 1.380649 x 10°23 Tis! 
1 a 4 


_Avogadro constant | | 6.022 14076 x 107 mp 
_luminous efficacy K,, 683 Im We 
A Table 4 The seven defining constants of the SI C > 


As we have seen, there are several ways of determining measurement 


tee 


uncertainties. While the equipment uncertainty (least cou alf the smallest 
scale division) is a common way to do this, you mightnee ount for 
additional uncertainties. Effective ronan 

experiments includes noting how you estimated,the Í 


(and your reader) understand the i 
conclusions. 


percentage. To illustrate this consi lume measurement: 
is case 15.0cm, and the 


ty: The un i, he with a given value. It has 


a 
as the value it is as: ed with. In the example above, 
e ; 


; is the absolute, 
ai The absolute uncertainty expressed as a 
rcentage of the ei sociated with. 


_ absolute uncertainty of x 


perce oad inty = x 100% 
4 \ u(x) 


=K 100% 
ing the example above: 
. .2cm? 
centage uncertainty = 75 cm? * 100% 


= 1.3% (2 sf) 


Tools for Chemistry 


e Relative (or fractional) uncertainty: The ratio comparing the magnitude of 
the absolute uncertainty to the magnitude of the associated value: 


absolute uncertainty of x 


relative uncertainty = = 


u(x) 


x 


Using the example above: 


0.2 cm? 
15.0 cm? 


= 0.013 (2 sf) 


relative uncertainty = 


Note that the relative uncertainty is the percentage uncertainty expressed as.a 
decimal fraction. 


Uncertainties are often stated to one significant figure. Sometimes two significant 
figures are acceptable, particularly ifthe uncertainty is very.small.\Either 
convention is acceptable, as longas yowuse it consistently. 


Uncertainty is an estimate of precision)so the precisionof a measured value 
must correspond to that ofits uncertainty. In other words, the value itself should 
have the same numberofidecimal places as the uncertainty associated with it. 
For example, a mass‘Given asJ0.3 g + 0.01 g isinconsistent in terms of precision 
because the uncertainty suggests that the balance gives readings to 2 decimal 
places, but the mass isigiven only to l’decimal place, Perhaps the uncertainty 
was incorreéctlywritten down and.itisiin factt 0.1 g, giving a correct mass 

10.3 g # Ol g. Alternatively, the experimenter might have failed to write down a 
trailing.zero after the 3 (which should,not be omitted because it is significant), so 
the correetmass is 10.30g + 0.01g. 


Copy and'completé the table: 


19°96 cm? + 0.04 cm? 
W 1.08V +2% 
P| 785°C +0.01 


Decimal places and significant figures 


Any measurement involves uncertainty, so the result of the measurement always 
has a limited number of significant figures (sf). The length of a small object 
measured with a ruler typically has no more than three sf as shown in figure 69. 


A Figure 69 Measurement uncertainty when using a ruler 


n figure 69, the measured length is 3.67 cm. The first two figures, 3 and 6, are 
certain, as the length is greater than 3.6 but less than 3.7 cm. The last figure, 7, is 
uncertain, as the actual length could be 3.66 or 3.68cm. There is absolutely no 
way of getting the fourth figure using this ruler, as we are not even sure about the 
hird figure. 


As measurements are never exact, neither are the results of the calculations 
involving these measurements. There are two rules of thumb, which depend on 
he type of calculation being carried out: 


1]. Adding and subtracting measured values: the answer should be recorded to 
he least number of decimal places present in the values used. 


2. ultiplying and dividing measured values: the answer should be recorded to 
he least number of significant figures present in the values used. 


Worked example 2 


At the beginning of a titration, the initial burette reading was 1.03 cm”. At 
the end point, the final burette reading was 24.13 cm?. Calculatethe volume 
of the titrant used. 


Solution 

Volume used = final volume — initial volume 
= 24.13cm3 — 1.03. cm? 
= 23.10cm3 (2 dp) 


Both values used have two decimal places. They are subtracted,and therefore 
the answer should also be stated to two decifnal places. 


Worked example3 


Calculate the amount of magnesium oxide, MgO, in mol, ina 0.500g 
sample of pure magnesium oxide. 


Solution 
Molanmass of MgO = M(MgO)= 24.3].+ 16.00 = 40.31 gmol! 
m 
L-IR 
_ 0.5009 
M90) =70 31 gmol" 


= 0.012404... mol x 0.0124 mol (3 sf) 


This operation involves a multiplication, so the answer should be rounded 
tothe least nùmber of significant figures in the values used. The answer is 
thereforérounded to three significant figures. 


Many calculations require several steps. Rounding too early could lead to 
incorrect answers due to rounding errors. Round the final answer to the 
required number of decimal places or significant figures, but not the answers to 
intermediate steps. Always carry two or three extra significant figures through 
intermediate calculations. 


Tool 3: Mathematics 


Tools for Chemistry 


Propagating uncertainties 


Processed data are obtained by manipulating raw measurements and therefore 
also have uncertainties associated with them. The overall uncertainty of a 
calculated result can be estimated by propagating the uncertainty introduced 
by each of the measurements. The way this is done depends on the type of 
calculation done with the raw data and it can be categorized into threetypés: 


1]. Addition and subtraction 
2. Multiplication and division 
3. Exponents (AHL only) 


At this level, you will rarely need to consider the uncertainty of values or constants 
hat are not given to you with an uncertainty. Examples include the speediof 

ight, molar mass values and specific heat capacities. For most purposes you can 
assume that values such as these areexact and have no associated uncertainty. 


n this section, we will discuss only simplified methods of uncertainty propagation 
hat can be used in typical laboratory experiments with a small number of 
variables. More advanced statistical methods of uncertainty propagation will not 
be assessed in this course, 


n a calculation involving addition or subtraction, we propagate uncertainties 
by adding the absolute.uncertainties of the values that are being added or 
subtracteds 


Worked example 4 


Themass of an ethanol spirit,burner is measured before and after 
combustion giving 70.971 g and 70.350g, respectively. The uncertainty for 
both mass values is)}+0.001 g. Calculate the mass of ethanol combusted and 
the associated uncertainty. 


Solution 

First, calculate the change in mass: 
mass of ethanol combusted = initial mass — final mass 
m=/70.971g-70.350g 
m=0.621g 


Then propagate the uncertainties. You are subtracting the mass values, so you 
must add the absolute uncertainties: 


u(m) = +0.001 g +(+0.001 g) 
u(m) = +0.002 g 
Finally, write the overall result: 


m=0.621g +0.002g 


Worked example 5 


Tool 3: Mathematics 


A student uses a volumetric pipette to transfer 25.00 cm? + 0.05 cm? of dilute acid into a conical flask and then adds a 
further 10.0 cm? + 0.5 cm? of the acid solution using a measuring cylinder. Calculate the total volume of acid added to 


the flask, along with its associated uncertainty. 
Solution 
First, calculate the total volume added: 
total volume of acid = first volume + second volume 
V=25.00cm3 + 10.0cm3 
V=35.0cm3(1 dp) 


Note that the result is rounded to one decimal place 
to be consistent with the second volume, which has 
the least number of decimal places in the raw data. 


You are adding the volume values and therefore to 
propagate the uncertainties you must add the absolute 
uncertainties: 


u(V) = +0.05 cm? + (&0/5 cm3} 
=+0.55 gn? 
=+0.6em: (I sf) 
This gives the overall result: 
V= 35.0cm? +0.6cm? 


Jhe large uncertainty ofthe measuring cylinder largely 
eclipses the high precision of the volumetric pipette. 


Propagating uncertainties in calculations involving multiplication or division 
requires you to add the percentage uncertainties of the values that are being 
multiplied or divided. Since percentage uncertainties are just the,rélative 
uncertainty in decimal form, you can also think.of thisas adding the relative 
uncertainties and expressing them a$ percentages,at the end of the calculation. 


Worked example 6 


A sucrose solution is prepared by dissolving 10.35 g +0.02 g of solid sucrose in water to produce 
100.00 cm? + 0.10 cm? of solution. Calculate the concentration of sucrose, in g dm”, and the associated uncertainty. 


Solution 


First calculatéthe mass’concentration ofsucrose: 
SV 
ny 10.35g 
100.00 x 10% dm? 
=103.5gdm™" 


Note that theesultis given to four significant figures, 
as this is the least number of significant figures in the 
raw data. 


Thecalculation involves a division, therefore to propagate 
the uncertainties you must compute the percentage 
uncertainties and then add them together: 


_(+0.02g , +0.10cm? 
uo) = (39354 + 160,00 ems) x 100% 


= +0.29324...%=+40.3% (1 sf) 


This gives the overall result: 
c=103.5gdm?+0.3% 


This percentage uncertainty can be converted to an 
absolute uncertainty: 


0.3 
u(c) = 700 * 103.5gdm? 
=0.3105gdm2 
=0.3g dm? (1 sf) 
c=103.5gdm?+0.3gdm? 


Tools for Chemistry 


Worked example 7 


The temperature of a 50.00 g + 0.01 g sample of water is 23.0°C + 0.1°C. The sample is then heated with an ethanol 
spirit burner until it reaches 33.0°C + 0.1°C. 


Calculate the heat absorbed by the water, in J, and its associated uncertainty. The specific heat capacity of wateris 
4.18Jg'K'. 


Solution 
First, find the temperature difference, AT, and use this to determine the heat absorbed, Q: 
INES IE lia 
SOC = 28} (0) XE 
—OOne 
=10.0K 
Q=mcAT 
= 50.00g x 4.18Jg'K'x 10.0K 
= 2090) (3 sf) 


Note that the result is rounded to three significant figures to be consistent with the least number of significant figures in 
the values used in the calculation. 


The first calculation involves a subtraction, so to propagate the uncertainties in temperature you add them together: 
u(T) = +0.1°C +(+0.1°C) 
=O 
ROZK 
Then, in Q = mcAT, we are multiplying values and therefore we must add the percentage uncertainties: 


(+009 AAN 0 
uo) = (50008 # TGR) x 100% 


=+2.02% 
=t 2%(bsf) 


Note the specific heateapacity value@is assumed to be exact (because it was not measured in this experiment) and hence 
is assumed to have no uncertainty The overall result is as follows: 


QO =2090)+ 2% 
This percentage uncertainty can be converted to an absolute uncertainty: 
2 
u(Q) = 00 * 2090] 
= 428 | 
= 40] (1 sf) 


Q=2090]+40} 


Tool 3: Mathematics 


Propagating uncertainties in calculations involving exponents requires 
percentage uncertainties. The percentage uncertainty of the raw data is 
multiplied by the value of the exponent. For instance, if the raw data is cubed 
(raised to the third power), then propagating its uncertainty involves multiplying 
the percentage uncertainty by three. 


= 
pm 
< 


Worked example 8 
The rate equation for the decomposition of hydrogen iodide is found to be: 
rate = k[HI]? 


where kis the rate constant and [HI] is the concentration of hydrogen 
iodide. Calculate the rate of the decomposition of hydrogen iodide when 
[HI] = 0.60 mol dm” + 0.03 mol dm™. The value of k at this temperature is 
Sedm mols s 


Solution 

rate = k[HIP 
= (1.58 dm? mol” s7) x (0.60 mol dm)? 
=0.5688moldm?s" 
=0.57moldm?s" (2 sf) 


The result is rounded to two significant figuresito be consistent with the least 
number of significant figures in the values used. 


The calculation involves an exponent therefore we must first compute the 
percentage uncertainty: 
+0.03 mol dm A 
ul[HI]) = oomi X100% 


=+5% 
Then, multiply it by.the value of the exponent, which is 2 in this case: 
u(rate) = +5% x 2 = +10% 


This gives the overall result: (ar) Communication skills 


fate= 0.57 moldm?s!410% 
What is good mathematical 


We can.also express this asan absolute uncertainty: communication? Why is it 
10 i ? 
ii(rate) = -—~=%0.57moldm?s' important? Why are you ; 
100 encouraged to show your working 
=0.057moldm?s! out for all your calculations? 


20.06 moldm?s"(1 sf) 


rate = 0.57 moldm?s!+0.06moldm?s" 


You will notice that propagation increases the overall uncertainty. As raw data are 
processed, the range of values they can cover becomes greater. 


Tools for Chemistry 


Uncertainties and means 


Trials are often repeated to check for repeatability and minimize random error. 
Uncertainties do not need to be propagated when calculating the mean of a set 
of values. 


For example, consider the following set of results from a titration: 


11.00 "21.95 1105 


1.25% Moo 10.95} * 10.95 


Subtracting the final’Volume from the initial volume gives the titrant volume, 
hence the volume uncertainty is 2 x + 0/03 =+ 0.06 cm?. 


The mean ofthe titrations, omitting:the roughrtrial, is as follows: 
11.00 cm] 0.95 cm? + 10.95cm? 
3 


mean volume = 


= 10.966.5. cm3 
x 10.97 cm? +0.06 cm? 


The answer is rounded,to two decimal places because the measured values are 
all given to two decimal places. Note that the uncertainty of the mean volume is 
the same as theuncertainty of each of the three trials. 


© Data-based question 


A student performed an experiment to find the density of butan-l-ol. The 
results are given below. 


Volume of butan-l-ol / | Mass of measuring | Mass of butan-l-ol and 
cm? +0.5 cm? cylinder / measuring cylinder / 
g+0.0lg g+0.0lg 


Determine the mass of the butan-1-ol sample. 


Calculate the density of the butan-l-ol sample. 


Calculate the uncertainty of the density. Express your answer as (i) an 
absolute uncertainty and (ii) a relative uncertainty. 


Graphs and tables 


Graphs show how changes in an independent variable affect a dependent 
variable. Graphical techniques can be used to examine the nature of the 
relationship between the variables and to predict unknown quantities. 


Sketching graphs 


Sketched graphs have labelled but unscaled axes, and they are used to show 
qualitative trends, such as variables that are proportional or inversely proportional 
to each other. Examples of sketched graphs are shown in figure 70. 


2mol dm”? acid (highest concentration) (b) 


| 


Imoldm™3 acid 


volume, V——> 


N 0.5moldm™3 acid 
(lowest concentration) 


volume of CO2 produced 


time 


© 


pressure, P/Pa 
pressure, P/Pa 
number of molecules that 


volume, V/dm3 V/V / dm-3 
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have energy, E 


temperature, T(K) —> 


energy, E 


A. Figure 70 Examplesiof sketched graphs: (a) curves showing the effect of concentration on the rate of the reaction between an acid and a 
metal carbonate (b) graph showing, that gas volume is directly proportional to temperature (c) two graphs showing that pressure is inversely 
proportional to volume (d) Maxwell-Boltzmann distributions of molecular energies for a fixed mass of gas at three different temperatures 


Sketch,graphs to show: 


a. concentration of reactants and products over time in an equilibrium 
system 


b. the melting point of the elements across period 3 


c. how pH changes when a strong acid is added to a strong base. 


Tools for Chemistry 


Data, particularly quantitative data, can be organized into tables and then 
processed into charts. There are different types of charts, including graphs. 


Tables 


Quantitative data can be presented as a table. It is customary to include the 
following features in data tables: 


* Descriptive title to aid communication. If more than onettable is being 
presented, each should be numbered as well. 


°- Independent variable in the leftmost column, listed in order of increasing 
value. 


e Dependent variable(s) in the columns to the right of the independent 
variable. List the results from repeating:trials next to each other, andthe 
mean in the rightmost column. 


e Descriptive column headings. 
e Units and uncertainties in column headings. 
e Consistent precision in eachcolumn. 


e Clear identification of values of importance (for example, concordant 
values in a titration), or anomalous results). 


descriptive column 


headings, which include clear table title 
units and uncertainties 


Table 1. Boilling points of aqueous solutions coRgining different masses of NaCl. 


Mass of Na€l 
dissehied 


independent consistent decimal 
variable in the places for values 

leftmost column obtained using the 
anomalies identified same equipment 


*this value is an anomaly 


(if applicable) 


A Figure 71 Common features of a data table 


Control variables should be recorded but they are not usually included in 
tables because they should not change throughout the experiment. Tables can 
sometimes include a space for qualitative data, where applicable. Otherwise, 
qualitative data can be included directly above or below the table. 


Sometimes you will need to think of a way to effectively record additional 
information in your table (such as variables that need to be monitored or citations 
for data that you have found in databases). You can find examples of how to do 
this in scientific journal articles. 


A student did an experiment looking at how the potential difference of a 

voltaic cell changes with different combinations of half-cells and wrote down 
the following data during the practical. Organize the data into a suitable | 
table. 


9999999999999999932 ' 
zinc - copper: 0.80 V, 0.78 V, 0.74 V 


copper - silver: 0.50 V, 0.55 V, 0.51 V 
zinc - silver: 1.30 V, 1.25 V, 1.27 V ! 


magnesium - copper: 2.05Y, 2.00 V, N54 V \ 
magnesium - zinc: 1.54.V, 145V, 1.235V 


Charts and graphs 


Charts and graphs represent all the. data simultaneously, allowing us to explore 
trends and patterns in thedata. There are different types of charts and graphs, 
each used to present information in a way that aids interpretation. Examples 
include: 


e Pie charts allowus to compare parts of a whole, usually expressed as 
percentages. 


e Bancharts are used to group data into distinct categories known as 
categorical variables, such as type.of intermolecular forces, or identity of a 
substituent atoms 


e Histograms involve grouping data according to a range in the value of the 
quantitative variable suchas length (e.g. 0-1 cm, 1-2 cm, 2-3 cm). 


«4 Line graphs also show quantitative data, but they contain points joined by 
straight lines, Line graphs are particularly useful for continuous data, which 
means that they can be organized along a numbered line and have any value 
within a continuous range. 


e Scatter graphs represent the relationship between two variables. The 
data points are plotted and then a line or curve of best fit (also known as 
a trendline) is added to show the relationship between the two variables. 
Unlike line graphs, the points on scatter graphs are not necessarily joined up 
because what matters is the overall relationship they show. 
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(1) (2) 
carbon dioxide 
a and methane E 40 
i (trace) L 
v 30 
[0] 
= 
5 20 
E 
= 
& 10 
0 


12.0-15.9 16.0,to 
19° 


CO2 / ppmv 


iF J 
MMI 
= 


Æ 

400000 Œ 

= 

300000 E 
00000 
150000 


n 
oO 


years before p 
ppmv = parts per million by volume 


KC 
ro 


0 100 200 300 400 500 600 
time in seconds 
A Figure 72 Different types of charts and graphs. (1) Pie chart showing the present composition of the Earth's atmosphere (2) Histogram 


showing the distribution in the size of microplastics in a sample (3) Line graph showing global temperature variation and atmospheric CO; 
concentration obtained through isotopic analysis of ice cores (4) Line graph showing global mean temperatures in recent years (5) Scatter 
graph showing the linear increase of carbon dioxide concentration over time. 

Note that the line of best fit does not go through all the points because it represents the overall relationship between the two variables 


Plotting graphs 


All graphs, regardless of whether they are drawn by hand or plotted using 
technology should have the following elements: 


e Descriptive title to aid communication. If more than one graph is being 
presented, each should be numbered as well. 


e Independent variable on the x-axis, dependent variable on the y-axis 

e Axis scales that cover a suitable range and contain equally spaced marks 
e Axis labels, including units and uncertainties 

e Accurately plotted points. 


Data sometimes contains outliers, which are points that do not fit the trend of 
the line or curve. Sometimes scientists use advanced statistical tests to determine 
outliers. At this level, you can identify outliers by eye. It is important to consider, 
when discussing your results, possible underlying causes of an outlier: 


Logarithmic scales can be used when plotting data that cover a very large range. 
Doing so compacts the information in the graph and allows us to easily.identify 
significant changes in the data (figure 73). 
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A Figure 73 The scales on both axes on the first graph are linear. Plotting the same data with a 
logarithmic scale on the y-axis in second graph gives a straight line, confirming that the trend in the 
data is exponential 
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© Data-based questions 


Identify the outlier in the graph below: 
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The graph below shows the logarithm of the successive ionization energies for potassium. 


Explain why a logarithmic scale on the y-axis.is useful in this case. 
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Error bars 


Error bars (also known as uncertainty bars) are graphical representations of 
uncertainties, effectively showing that a data point represents a range of values. 
Vertical error bars show the uncertainty of the y-axis variable, whereas horizontal 
error bars show the uncertainty of the x-axis variable. 
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Graph-plotting software often has an option to include error bars, 
or percentage uncertainty is specified. However, if there is a di 
associated with each point, the software might not accom 
you can either draw the error bars for each point by ha r 
error bars corresponding to the largest uncertainty inthe 


this effect). You should determine which option isibest i 


curve of best fit. This d 
the analysis. Itis g 
discussing their po: 


ers on graphs, as well as 
the analysis. 


independent variable 
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< Figure 75 A generalized graph showing 
a line of best fit 
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rate of enzyme 
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A Figure 76 Depending on the nature of the data, curves of best fit can be simple (a) or complex (b) 


Technology can be useful when drawing lines and curves of best fit, but you must 
consider whether computer-generated lines or curves of best fitymake sense in 
the context of the data. For example)software may skew the line due toan outlier, 
or it may show a straight line where a curve would be more suitableyLines and 
curves of best fit do not always have)to pass through the origin. 


If points on a graph have erroribars) then the curve or line of best fit should pass 
through as many of theerror barsvas possible. If the error bars of a point are 
outside the line of bestfit, itmay indicate that the point is an outlier, or possibly 
that the uncertainty, isgreater than expected) 


@) Data-based questions 


A reaction-rate investigation produced the following data: 


Concentration of reactant A Rate of reaction 
/ mol dm™ + 0.0002 / mol dm? s+ 5% 
0.00 
0.002 
0.003 
0.004 
0.005 


Plot a graph of the resu 
Draw error bars on your graph. 


Drawa line of best fit. 


Identify the outlier and suggest what might have caused it. 


Interpretation of features of graphs 


The relationship between variables can be further analysed by interpreting the 
features of a graph: correlation, form, gradient, intercept, maxima and minima, 
and area. The main thing to remember is that the features of a graph can often 
represent an aspect of the idea being studied. We will also discuss the use of a 
coefficient of determination (R?), interpolation and extrapolation. 


The first thing to consider when interpreting a graph is the correlation it shows 
(if any). If the dependent (y) variable increases when the independent variable 
(x) increases, then the variables are positively correlated. A negative correlation 
describes a relationship where an increase of the independent variable causes 
the dependent variable to decrease. If the points are randomly scattered in the 
graph, the correlation is weak or absent (figure 77). 
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A Figure 77 Sketched graphs showing positive, negative andjabsent correlation 


The relationships shown in graphs can be linear or non-linear. A linear relationship 
corresponds to a straight line in the graph that is described by the equation 
y=mx +c, where mis the gradient (slope) of the line and c is the y-intercept. 
Direct proportionality is a special type of linear relationship, in which the two 
variables are in a constant ratio. When one variable increases), the other increases 
by the same rate. For example, the volume of a gas is directly proportional to 

its temperature, provided that the temperature is‘in kelvin (figure 78). If two 


variables are directly proportional, the straight-line graph must go through 
the origin. 
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A Figure 78 Pressure and temperature of an ideal gas are linearly related, but the relationship is only directly 
proportional when the temperature is in kelvin 
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Variables are inversely proportional when one increases and the other decreases 
by the same rate. Unlike direct proportionality, graphs showing inverse 
proportionality are not linear. Plotting one of the variables in its reciprocal form, 
however, gives a straight-line graph. The relationship between pressure and 
volume of an ideal gas is a good example of inverse proportionality (figure 


pressure, p/Pa 


volume, gy dm= 
A Figure 79 Pressure a lume ofan ideal gas are inversely proportional to each other: 
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A Figure 80 Graphs showing non-linear relationships: (a) the decomposition of nitrous oxide, 
(b) a solubility curve and (c) a pH curve for the addition of a strong acid to a strong base 


Gradient (or slope) 


The gradient (or slope) of a line is a measure of its steepness, but it also has a 
physical meaning: it is the rate of change of one variable with respect to the other 
variable. To find the gradient ofa line, you need to choose two points on that line, 
ideally well separated from each other. Gradients can be positive or negative, 
depending on whether the graph shows a positive or a negative correlation, 
respectively. 


AY ma 
m= Ñx ae ae a 
For example, a graph of mass of a substance (along the y-axis, in g) vs its volume 
(along the x-axis, in cm?) gives a straight line. The gradient of the line has units 
gcm”, which gives us the density of that substance. 


The uncertainty for the gradient can be determined by drawing the steepest 

and most gradual lines of best fit possible within the constraints of the error bars, 
giving values for maximum and minimum gradients. Half the difference between 
these two lines can be used to estimate the uncertainty of the gradient. 


steepest gradient 


quantity a 


most gradual 
gradient 


quantity b 


A Figure 81 Maximum and minimum gradients on a graph can 
be determined from the most and least steep lines of best fit 


Straight-line graphs have constant gradients while curves have changing 
gradients. For instance, datafor product volume vsitime will produce a curve, 
because the rate decreases during the reaction (figure 82). 
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A Figure 82 The rate decreases over the course of a 
reaction, so the gradient decreases over time 
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> Figure 83 The rate of reaction at time 
t can be determined by calculating the 
gradient of the tangent line at that point 


TOK 


International variations exist in the 
equation for a straight-line graph. 

It is often given as y= mx c OF 
y=mx + b, where m isithegradient 
and c or bis the y-intercept. To 
what extent do.shared codes and 
symbols help or hinder the pursuit 
of knowledge ona global level? 


] 
> Figure 84 The y-intercept of a graph showing Ink vs T is InA, 


where A is the Arrhenius factor 


We can determine the gradient at a specific point on the curve by drawing a 
tangent line and working out its gradient. In figure 82, two tangent lines are 
shown in green. The one at t = 0 is clearly steeper because the rate is higher at 
that point in time. Figure 83 shows how to calculate the gradient of a tangent line. 


reaction rate.at time t 
= gradient of graph,at time t 


= AIX) at time t 
At 


+ yi 


l 
f 4 = gradient of tangentAB 
s— e , LAC mokar 33s 
! 
J 


nr = = “Tom \ 4 y 


i 
K 


concentration of X, [X] /mol dm-3 


W- 
L 
D 
g A 


time/s 


Intercepts 


The intercepts are the points where the line or curve crosses the axes. 

Intercepts can be found by éxténding the line until it meets the axis (this is called 
extrapolation). Yowcan also use the equation of the line in the form y = mx +c 
(or y = mx + b)where lor b) represents the y-intercept. 


As with gradient, the significance of the intercepts depends on the context of 
the data being plotted. In some cases, you would expect the y-intercept to be 
O, for instance when plotting the concentration of a product vs time as a part 
of a kinetics investigation. In other cases, the intercept can be used to derive a 
numeri¢éal quantity (figure 84). 
A 
InA 


Ink 


Similar to gradient, the uncertainty of the y-intercept can be determined by 
drawing the most and least steep lines of best fit possible within the constraints of 
the error bars. This gives maximum and minimum values for the y-intercept, from 
which you can find the uncertainty (figure 85). 
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A Figure 85 Maximum and minimum values for the y-intercept can be 
determined from the most and least steep lines of best fit 


Maxima, minima and areas on graphs 


Further interpretation of graphs may involve inspecting maximum values, 
minimum values or the area under a curve. The significance of each of these 
depends on the variables being represented inthe graph. 


The absorbance spectrum ofa solution of an Unknown substance (figure 86) 
shows a maximum at around 520 nm, whieh corresponds to the green region 
of the visible spectrum. The colour of the unknown solution must bewred, as it is 


complementary to green. 
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A Figùre86 The maximum absorbance shown in this graph helps us to 
determine the colour of the solution 


The changes in the concentrations of ozone, O3, and chlorine monoxide radicals, 
ClO*, 18km high in the atmosphere across different latitudes are shown in 

figure 87. The minimum in ozone concentration occurs at the same point as a 
maximum in ClO* concentration, suggesting an association between low ozone 
levels and high ClOs levels. 
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A Figure 87 The minimum ozone; O; concentration correspondsitoa maximum chlorine 
monoxide radical, ClO*, concentration 


The area under a curve (or thé area under a graph)iis the area enclosed by the 
curve and x-axis! Itrepresénts an accumulation of they-axis variable over the 
course of a eertain x-axis variable change? 


The area under the curve is‘usefulin Maxwell-Boltzmann distributions, where it 
represents theynumber of particles inthe sample. Figure 88 shows the Maxwell- 
Boltzmann, distributions for the same species at two different temperatures. 
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Ti 


fraction of particles with kinetic energy 


kinetic energy 


A Figure 88 The area under the curve in a Maxwell-Boltzmann distribution represents the 
number of particles, which can be used to compare the proportion of particles that have 
sufficient energy to react at two temperatures T, (red) and T, (green), where T, > T, 


The particles that have sufficient energy to react are represented by the shaded 
regions. Their kinetic energy is equal to or greater than the activation energy, 
E. At the higher temperature, T,, the shaded area is larger (red + green) and 
therefore the number of particles with sufficient energy to react is higher than at 
T,, at which the shaded area is smaller (red only). 


© Data-based questions 
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Students investigating the effect of temperature on air volume plotted the following graph of their results: 
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State whether the correlation between volumeand temperature is positive or negative. 


Does the graph show direct proportionality? Why orwhy not? 


Determine the gradient of the line of best fităState your answer to two significant figures and include the units. 


Describe briefly the physical significance ofthe gradient. 


The following data were recorded using sixstandard solutions in order to determine the concentration of a sample 
of aqueous copper(I!) sulfate using a technique called atomiciemission spectroscopy. 


Concentration, c / mol dm~? | Absorbance, A 


0.1002 


0.130 


| 


0.2008 


0.270 


0.2819. 


0.380 


0.4000 


L 


©0540 


0.5082 


0.685 


0.6000 


N 


0.810 


Unknown 


0.460 


Plot a suitablegraphiof these results and include a line of best fit. 


Determine the concentration, in moldm™?, of copper(!) sulfate. 


Deduce the equation of the line of best fit, stating the gradient and y-intercept both to two significant figures. 


Discuss whether this graph shows a direct proportionality between absorbance and concentration. 
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© 


3. The graph (right) shows the volume of 
hydrogen gas collected over time for two 
experiments. A tangent line has been 
drawn at 25 seconds for experiment 1. 


a. Calculate the instantaneous rate of 
reaction for experiment l at t= 25s. 


Describe and explain whether the 
instantaneous rate of reaction for 
experiment 2 at t= 25s is greater or 
less than that of experiment 1. 


Describe and explain whether the 
overall rate of reaction in experiment 
2 is greater or less than that in 
experiment 1. 
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Coefficient of determination, R? 


We have seen that all measurements, and data derived from them, have an 
associated uncertainty. As a result of this, the data points in a graph are not 
likely to fall directly on the line of best fit, but rather be scattered on either 
side of it. One of the tools we can use to assess the predictive power of 
the relationship between the variables in a graph is R?, the coefficient of 
determination. 


In DP chemistry, you will use technology to find R? values, and you will be 
expected to interpret them. However, you will not be required to calculate R? 
yourself. The value of R? lies between O and 1. The closer it is to 1, the more 
closely the data points match the line of best fit (figure 89) and the more 
successful the model is at predicting the changes in the y-axis variable. R? is only 
suitable for linear models. 
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A Figure 89 The R? value is Twhen the points are all on the line of best fit (graph 1). The 
points in graphs 2 to 4 become increasingly more spread out, causing the R? to decrease 
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Interpolation and extrapolation 


Lines and curves of best fit can be interpolated or extrapolated. Interpolation 
involves predicting values within the range of the experimental data, whereas 


extrapolation involves predicting values outside the range of these ne 


(figure 90). 
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A Figure 91 Interpolation involves finding values within the range of the experimental data 


The absorbance of a sample of unknown concentration is found to be 0.460. 
ts concentration can then be found by interpolation, as shown, giving 
0.34moldm™. If known, the equation of the line could also be used to find the 
concentration, by entering 0.460 in for y and solving for x. 


nacalorimetry experiment, the temperature of the reaction mixture containing 
copper(II) sulfate solution and zinc metal is monitored over time and the results 
are plotted ona graph (figure 92). The maximum temperature value is needed 
o calculate AT and subsequently the amount of heat, Q (and later, the enthalpy 
change, AH). The highest temperature measured during the experiment is 
lowered due to heat loss to the surroundings. 


Extrapolating the cooling curve (the part of the graph that shows a decreasing 
emperature over time) backwards to the time at which the zinc was added to the 
copper(I!) sulfate solution, allows us to predict a corrected value of T: Doing so 
assumes a constant rate of heat loss during the reaction. 


Extrapolation always involves the assumption that the relationship betWeen 
variables stays the same beyond the range of data. In practice, this is not always 
the case. For example, the relationship between absorbance and concentration 
in figure 91 is linear, but the linearity is lost at higher concentrations. 


compensating for heatJost 
To = initial temperature of 
reactants 


T; =highesttemperature 
actually reached 


T = temperature that would have 


T24 BB a been reached if there were no 
1 Dy- heatilest to surroundings 

Tia 
L 
= 
Ẹ extrapolation at same 
= rate of cooling 
g 

Af for reaction = T3 - To 
To 


reactants mixed 


time 


A Figuré 92 Extrapolation of temperature data during a zinc metal and copper(II) 
sulfate reaction to determine a corrected value of T, the maximum temperature 
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© Data-based questions 


1. A student performed a calorimetry experiment to determine the enthalpy change for the reaction between zinc 
metal and copper(II) sulfate. A graph of the student's results is shown below. 


68 5 


temperature / °C 


time / min 
State the minimum temperature measured. 
State, giving a reason, whetherthe reaction is‘exothermic or endothermic. 
Explain why the student extrapolated therate of cooling back to t= 2.5 min. 


Outline what other information you Would need to calculate the heat, Q, and enthalpy change, AH, for this 
reaction. 


Astudentcollected temperature.data everyminute while titrating Volume of NaOH | Temperature / °C 
hydrochloric acid, HCl(aq), with 0.600 mol dm- sodium hydroxide, (aq) /cm? 


Na@H{aq). Data for the voláme of sodium hydroxide added and 0.00 22.4 


temperature are shown in the table on the right. 


5.00 23.1 


Plot a graph of these data! 10.00 23.9 


Find the maximum temperature by extrapolation of the heating 15.00 IAG 


and cooling curves. 20.00 25.4 


Thevolume of hydrochloric acid was 25.00 cm. Determine the 25.00 25.6 


concentration of the acid. 30.00 955 


Ealculate the enthalpy change of neutralization, AH ®, for this 35.00 25.4 


reaction, in kj mol". 40.00 25.3 


45.00 25.2 


50.00 25.1 
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Sources of experimental error 


Experimental errors result from the fact that measurements are never exact: they 
always have uncertainties associated with them. Experimental errors can be 
systematic or random. 


The word “error” in everyday language can mean “mistake”. In science, “error” 
has a very different meaning. One of the features of a thorough scientific research 
is the consideration of sources of experimental errors, their impact on the 
outcome of an investigation, and possible ways to minimize them. 


Random and systematic error 


Random errors arise due to natural variations in measured values, leading to 
measurements that are equally likely to be too high as too low. Random errors 
can be minimized, but not eliminated, by repeating measurements. Large 
random errors reduce precision because the values are spread over a greater 
range. The uncertainty provides an estimate of random error. 


Sources of random errors include readings that fluctuate 
over time, uncertainty associated with reading a scale, 


and random variations in the measurements made with a 4 

particular instrument. RUme fe meniscus 
o high SWing . 

Systematic errors affect results in the same direction >~ 


(either making the results too high or too low), For Si correct reading of volume 
example, consistently taking a burette reading from at bottom of meniscus : 


above the meniscus will result in readings that are too J 20 ` 
- 
high (figure 93). Ques = 
J Reo" 
Systematic errors reduce accuracy and,can be < 


minimized, but not eliminated, by making changes to the 
experimental methodology. Ifa particular systematic error 
can be quantified, the values can then be corrected for its 


A Figure 93 Examples of systematic error 
Sources of systematic errors include a misealibrated temperature probe, when taking burette readings 


presence of background radiation, leaks ingas collection apparatus, and heat 
loss to the surroundings during calorimetry experiments. 


Errors and processed results 


Estimates of random errors, obtained by uncertainty propagation, are useful in 
he analysis of errors in experimentalresults. Comparisons between percentage 
uncertainties, and, where available, theoretical values and percentage errors can 
Give abasis for evaluating the precision and accuracy of a processed result. 


Percentage error (not'to be confused with percentage uncertainty) is a way of 
quantifying. how far an’experimental value is from the theoretical value: 


experimental value — theoretical value 
p x100% 


Percentage error = 
theoretical value 


ote that the theoretical value is sometimes called the accepted value or 
iteraturewalue. 


Tools for Chemistry 


For example, the theoretical value for the activation energy of a reaction is 
reported in the literature as 65 k] mol"'+ 1%. Students A and B determine this 
activation energy experimentally and obtain the data shown in table 5. Student A 
finds the activation energy to be 60 kj mol7!+10%. The + 10% part is an estimate 
of the random error, indicating that the result is in the range of 54-66 k] molz 
We can see that the theoretical value lies within the range of the experimental 
value, suggesting that the two are aligned. However, the high percentage 
uncertainty (10%) indicates low precision, particularly when comparedito that of 
the theoretical value (1%). 


A Table 5 Student results for the experimentally determined activation energy of a reaction 


Now consider the result obtained by student B for the same reaction: 

50k} mol"! + 4%. The random erroris smaller than that obtained by student A, 
indicating greater precision (though still not as precise as the theoretical value). 
The result is in the range of 48-52 kj mol”! This time, the theoretical value does 
not lie in this range, therefore the results inaccurate. In addition, since the 
uncertainty is 4%,and the percentage error is 23%, Only up to 4% of the 23% 
error can, be attributed to randomyerrors. This suggests that systematic errors 
contributed. significantly t6 the difference between student B's result and the 
theoretical value. 


Practice questions 
51. Classify each of the following errors as systematic or random: 
a. heat loss to the surroundings in an investigation involving calorimetry 


b. “use ofa miscalibrated colorimeter to determine the absorbance of 
asample 


cf taking a burette reading by positioning the viewer slightly below the 
meniscus rather than positioning the eyes on a level with the meniscus 


d. use ofa pH probe that reports values to the nearest whole number. 


52. A student calculated the enthalpy change for the combustion of butan-1- 
ol and obtained —1 430 k] mol™!. The theoretical value is —2 676 k] mol”. 
Calculate the percentage error in the student's result. 


53. Two students investigated the enthalpy of neutralization of a strong acid 
with a strong base. Their results were: 


student C: -35 kj} mol™ +4 kj] mol"! 
student D: -50 kj} mol +10k} mol! 


The theoretical value for the enthalpy of neutralization is —57 kj mol™'. 
a. Calculate the percentage errors of the students’ results. 


b. Comment on the relative impact of random errors on each of 
the results. 


Errors and graphs 


Graphs can also provide information regarding systematic and random 
error (figure 94). Random errors cause data points to deviate from the 
line of best fit. Systematic errors cause all the data to shift in the same 
direction (either up or down). On graphs, this means that the points 
are systematically located higher (or lower) than expected. This is 
especially noticeable in the y-intercept: a y-intercept that is not where 
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e perfect results 
x randomerror 
& systematic error 


quantity A 


quantity B 


you would expect it to be suggests the presence of a systematic error. 


Practice questions 


54. The combustion of primary alcohols methanol to 
octan-l-ol was determined experimentally (table 6). 


A Table 6 Experimental enthalpy.of combustion of the 
primary alcohols 


a. Plot a graph of the data in table 6,,including error 
bars anda line or curve of best fit. 


ba Using your graph, and published.enthalpy of 
combustion data, comment on the impact of 
systematic error on the results. 


c. Using yourgraph)comment on the impact of 
fandom error on the results. 


Number of carbon Experimental enthalpy 
atoms in primary of combustion 
alcohol / kjmol-! + 40 kj mol"! 
] -230 
2 -400 
q 
3 -680 | 
4 ~814 
5 -990 
6 -1300 
7 +1440 
8 -1700 


A Figure 94 The presence of systematic and 
random errors‘¢an be inferred from graphical data 


55. A student investigated the effect of concentration of 


sodium hydrogencarbonate on the rate ofits reaction 
with citricacid. The reactionproduces carbon dioxide, 
so the student timed how long it took to,collect 25cm? of 
his. gas. The student's dataycollected is shown in table 7. 


Time taken to produce 
25cm? of carbon 
dioxide /s+1s 

1 2 3 
210 277 166 
195 135 118 
66 93 53 

21 27 35 
2.00 15 25 15 


A Table 7 Time taken to produce 25 cm of carbon dioxide 
in the reaction of sodium hydrogencarbonate and citric acid at 
different concentrations of sodium hydrogencarbonate 


a. Calculate the mean time for each of the sodium 
hydrogencarbonate concentrations. 


b. Determine an estimate of the time uncertainty by 
halving the range of each set of three trials. 


c. Plota graph to show the relationship between 
concentration of sodium hydrogencarbonate and 
time, including error bars and a line or curve of 
best fit. 


d. Using your graph, comment on the impact of 
random error on the analysis. 


gts gil 
e. Calculate the rate by finding T for each 
concentration. 


f. Plot a graph to show the relationship between 
concentration of sodium hydrogencarbonate 
and rate. 


g. Using your graph, comment on the impact of 


systematic and random error on the analysis. a 


=-Vadisamme Measuring enthalpy 
changes 


What can be deduced from the temperature change that accompanies chemical So 
physical change? Q, 


Chemistry involves the study of chemical reactions and An understanding of the relationships that exist between 
physical changes of state of the elements and their chemistry and energy infolves) understanding how 4, 
compounds. Conservation of energy is a fundamental energy is transferred between a chemical systemé and \ 
principle of science, which is examined through the surroundings. This information can in turmbe use À 
observation and experimentation. The use of models, to develop an undéfstanding Ofthe relative. stability of | 
empirical or experimental data, the language of reactants and préducts leading to better control ‘over the 
mathematics and scientific terminology, all contribute to progress ofthe reaction peng peas y 

our understanding of energy changes associated with A Wed | 

chemical reactions. ~~ wo ~~ 


Understandings 


Reactivity 1.1.1—Chemical reactions involve a transfer Ja 
energy between the system and the su rroupgingsf wi while chemical aon , refers to the heat transferred at 
total energy is conserved. A mN cor a @ x in ler standard conditions and states. 


4 5 
Reactivity 1.1.2—Reactions are described.a thermic > deter ined from the change in temperature ofa 
(eure re sube 


or exothermic, depending on the direct n in 4 
ndings. C) 
reactants and Dak 


products devenmiines whether ction are O 


or exothermic. a. 


KEN roy transfer in chemical reactions 
Neier 1.1) 


~~ In a chemical reaction, total energy is conserved. Chemical potential energy is 

stored in the chemical bonds of reactants and products, while the temperature 
4 of the reaction mixture is a function of the kinetic energy of the atoms, ions and 
& = molecules present. 


All chemical reactions involve energy changes. Energy may be released into the 
surroundings surroundings from the reaction system or it may be absorbed by the reaction 
system from the surroundings. Most commonly, the energy is transferred in the 


system form of heat, but it may also be in the form of electricity, sound or light. 
(contents 
of flask) In an open system, the transfer of matter and energy is possible across its 
boundary (for example, matter can be added to a beaker, and energy can be 
A Figure] The universe is the transferred through its sides). A closed system allows no transfer of matter, 
combination of the system and its though energy may be transferred across the boundary. In an isolated system, 
surroundings matter and energy can neither enter nor exit the system. 
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A Figure 2 In each of the above scenarios, energy is transferred. In hot springs, energy is transferred as heat, and in fireworks, as heat, 


sound and light. Both scenarios are open systems 
Models Ga y YJ 
f 4 


Most industrial processes, take place in open or closed systems. The loss of 
heat during an industrial process not only.affectsithe efficiency of the chemical 
reaction, but.also contributes to a loss/of useful energy, an increase in thermal 
pollution. Thermography can be used to. model heat flow and loss from 
structures in Chemical industries as a heat map, where red is hot and purple 

is cold. 


A Figure 3 Thermograph of industrial engineering system 


What are the advantages of modelling heat distribution and transfer? How 
can chemical engineers use the data collected to improve the efficiency of 
industrial processes? How does this help our environment? 
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What is the difference between heat and temperature? 


Temperature, T, is an example of a state function. For a state function, any 
change in value is independent of the pathway between the initial and final 
measurements. 


For example, if you take the temperature of the water in a swimming pool early 
in the morning (the initial value) and then again in the afternoon (final value), 

it will not tell you the complete story of any temperature fluctuations that may 
have occurred throughout the day. The calculation of the temperature change 
is simple: 


AT = Tirai = Titi 


A Figure 4 Ifyou record the temperature of a pool at the beginning and the end of a day, 
it will not give you an indication of the heating and cooling that has occurred throughout the 
day, only the overall temperature change 


Other,examples of state functions inelude volume, enthalpy and pressure. 


Heat, q, isa formof energy that.is transferred from a warmer body to a cooler 
body, as a result of the temperature gradient. Heat is sometimes referred 

to as thermal energy. lt.can be transferred by the processes of conduction, 
convection and radiation. 


Heat has the ability to do.work. When heat is transferred to an object, the result is 
an increase in the average kinetic energy of its particles. This causes an increase 
in temperaturerand potentially a phase change, for example, a change of state 
fromyliquid,to gas. 


Atabsolutezero, O K (—273.15 °C), all motion of the particles theoretically 
stops and the entropy, S, of a system reaches its minimum possible value. The 
absolute temperature (in kelvin) is proportional to the average kinetic energy of 
the particles of matter. As the temperature increases, the kinetic energy of the 
particles also increases. 


Entropy is defined and explored in 
Reactivity 1.4. 
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Communication skills 
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Your communication skills will develop incrementally 
throughout the entire chemistry programme. 
Communication skills include consistent and accurate 
application of scientific terminology. Your use of the 
terms “heat” and “temperature” in explanations will 
demonstrate your understanding of these concepts. 


For example, consider the simple reaction between 
magnesium metal and hydrochloric acid. 


Mg(s) + 2HCl(aq) > MgCl,faq) + H2(g) 


In this reaction, heat is released from the reaction 
system into the surroundings, and the temperature of 
the aqueous solution rises. When you think about heat, 
you are considering the transfer of thermal energy in the 
system. When you refer to the temperature of a system, 
you are describing the average kinetic energy of the 
particles within that system. 


A Figure 5’ Magnesium ribbon reacting with hydrochloric acid 


Thermochemistryiis the study of heat changes that occur during chemical 
reactions. Heat changes are often described in terms of enthalpy. At constant 
pressure, the enthalpy change, AH, is defined as the heat transferred from 
a.closed,system to the surroundings during a chemical reaction. The terms 
“enthalpy change” and “heat of reaction” are commonly used when describing 
the thermodynamics of a reaction. The most common unit of enthalpy change is kj. 


Imagine a glass of water containing ice cubes sitting in the summer sun. It will 
undergo a change in enthalpy. 


¢ — Is the glass of water an open, closed or isolated system? 
e Identify the system and the surroundings. 


e Explain the movement of energy in the form of heat, between the system 
and the surroundings. 


e What would you observe on the outside of the glass? Explain this 
observation in terms of a change of state and transfer of energy. 
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Exothermic and endothermic reactions 
(Reactivity 1.1.2) 


A chemical reaction in which heat is transferred from the system to the 
surroundings is defined as an exothermic reaction. In contrast, chemical 
reactions in which heat is absorbed into the system from the surroundings are 
defined as endothermic reactions. 


When a chemical reaction takes place, the atoms of the reactants are rearranged 
to create new products. Chemical bonds in the reactants are broken, and 

new chemical bonds are made to form products. Energy is absorbed by the 
reaction system to break the chemical bonds, and therefore bond breaking is 

an endothermic process. This energy is termed the bond dissociation energy 
and it can be quantified for each type of bond. Energy is released into the 
surroundings when new chemical bonds are made, and therefore bond making 
is an exothermic process. The transfer of energy between the surroundingsand 
the system is an important part of your understanding of the energy changes in 
areaction. 


Exothermic reactions have a negative enthalpy change, and endothermic 
reactions have a positive enthalpy change. The sign of the enthalpy change 

is defined from the perspective of the system and not the surroundings. For 
example, in an exothermic reaction, heat is being lost by thesystem and so the 
enthalpy change is negative. For an endothermic reaction, heat is absorbed by 
the system, so the enthalpy change is positive) 


To determine whether a reaction is endothermic onexothermic,we can use a 
calorimeter. A calorimeter is any apparatus used, to measure the amount of heat 
being exchanged between the system andithe surroundings. In the school 
laboratory, experiments focus on the change in temperature, AT, of the reaction 
solvent, which in most cases is water. 


In the laboratory, observations can be’made using human senses, or with 
the aid of instruments such as data-logging equipment. The application of 
digital technology to collect data is one of the essential skills in the study 
of chemistry. ~ a / 


Energy profiles\(Reactivity 1.1.3) 


Energy profiles are ayvisual representation of the enthalpy change during a reaction. 
From an energy profile, you can determine the enthalpy of the reactants and the 
products, the activation energy (E,), and the enthalpy change for the reaction. 


Many chemical reactions are exothermic. In these reactions, energy is released 
from the system to the surroundings. The reactants of this reaction are at a higher 
energy level and considered to be lower in stability. Products for exothermic 
reactions are at a lower energy level and considered to be more energetically 
favourable. 


Activation energy, Ea, is the 
minimum energy required for the 
reaction to take place. You will study 
activation energy in Reactivity 2.2. 
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Consider the reaction between zinc and copper(I) sulfate solution. It is a single 
displacement reaction involving the displacement of the copper(II) ion by zinc: 


Zn(s) + CuSO,(aq) + Cu(s) + ZnSO,(aq) 


Measured quantities of copper(II) sulfate solution and zinc are mixed ina 
calorimeter. The mixture is stirred, and the change in temperature of the solution 
is measured using a thermometer or data-logging equipment. Inthis reaction, 
heat is generated by the reaction system. As a result, the temperature ofthe 
solution increases, and the heat is transferred to the surroundings. The reaction is 
therefore exothermic. 


exothermic reaction 


reactants 


potential energy 


“products 


reaction coordinate 


A Figure 6 Using a thermometer or a temperature probe, you would observe an increase 
in the temperature of the reaction mixture in an. exothermiereaction. The enthalpy of the 
products is lower.than that of the reactants» You would describe the products as being 
energetically more stable thanthe reactants 


The graph in figure 6 is an example of an energy profile. 


If youconsider an endothermigreaction, the products of the reaction are at a 
higher energy level.and therefore are less stable than the reactants. 


Ammonium nitrate, NHZNO3, is an important component of fertilizers. When 
the solid dissolves inwater to form aqueous ammonium and nitrate ions, the 
temperature of the solution decreases. 


NH4NO-(s) > NHz*(aq) + NO3"(aq) 


Thisheat is absorbed by the reaction system from the surroundings. The 
apparatus containing the reaction mixture will feel cold to touch. This is an 
example of an endothermic reaction (figure 7). 


endothermic reaction 


products 


potential energy 


reactants 


reaction coordinate 


A Figure 7 Using a thermometer or a temperature probe, you would observe a decrease 
in the temperature of the reaction mixture in an endothermic reaction. The enthalpy of 

the products is greater than that of the reactants. The products are described as being 
energetically less stable than the reactants 
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Developments in science may have ethical, environmental, political, social, 
cultural and economic consequences, which must be considered during 
decision making. The pursuit of science may have unintended consequences. 
German chemist Fritz Haber was awarded the Nobel Prize in Chemistry in 
1918 for developing a method to chemically extract nitrogen from the air 

by reacting it with hydrogen. Haber’s discovery allowed for the large-scale 
production of fertilizers that began during the green revolution and continues 
today. However, his process also provided Germany with a source of 
ammonia that was used for the production of explosives during the First World 
War. The global impact of science is evident in Haber’s research. 


(ar) Communication skills 


Communication skills cover a wide range of skills and forms of 
communication. Your ability to effectively communicate verball»andyifawritten 
form most often comes to mind when you are thinking aboutimproving, 
communication skills. However, communication also involves your ability to 
read and write different forms of texts intended for differentaudiences. In 
science, you need to be able to write formal laboratory reports using specifie 
terminology and accepted writing styles. Anothefform,of communication 
you would utilize in writing reports and answering examination questions, 

is your ability to sketch graphs and extractdata and meaningful information 
from graphs. Can you read and analysethe energy profiles that represent 
exothermic and endothermic reactions? Try to accurately sketchythese 
diagrams, including all of the;components. 


Practice question \_ e ON y 


1. Barium hydroxide, Ba({®H)z, reacts with ammonium chloride, NH4CI: 
Ba(OH),(s) +°2NH.Cl(sy—> BaCl(aq) + 2NH3(g) + 2H2O0(!) AH =+164k} mol! 


Which of the following is correct for this reaction? 


Temperature Enthalpy Stability 
4 y | 
products have lower products are less stable 


A | increases 
| Gii enthalpy than the reactants | than the reactants 


products have lower products are more 


“| B | decreases 
enthalpy than the reactants | stable than the reactants | 


products have higher products are less stable 
enthalpy than the reactants | than the reactants 


C ħi sdecreases 


. G 


products have higher products are more 
enthalpy than the reactants | stable than the reactants | 


D | increases 
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Standard temperature and pressure 
(STP) conditions are denoted by the 
symbol ©. STP is a temperature of 
273.15 Kanda pressure of 100 kPa. 
Standard ambient temperature 

and pressure (SATP) refer to more 
practical reaction conditions of 
298.15 Kand 100 kPa. STP and 
SATP conditions are given in the 
section 2 of the data booklet. 


Substance enna Ka 

water 4.18 | 
ethanol | 2.44 | 
copper | 0.385 | 


A Table The specific heat capacities of 
water, ethanol and copper 


Standard enthalpy change, AH? 
(Reactivity 1.1.4) 


The standard enthalpy change for a reaction, AH®, refers to the heat 
transferred at constant pressure under standard conditions and states. It canbe 
determined from the change in temperature of a pure substance. The units of 
AH® are kj mol". 


To calculate AH® for a reaction, you therefore need to determine the amount of heat 
released or absorbed in the course of that reaction. This canbe done by measuring 
the change in temperature of a pure substance to.or from which this heat is 
transferred. When calculating the amount of heat lostor gained by a pure substance 
such as water, you need to know the specific heat capacity, c, of that substance, 


The specific heat capacity of a pure substanceiis defined as the amount of heat 
needed to raise the temperature of | kg of that substance by 1,°C or 1 Ks.For 
example, the specific heat capacity ofiethanol is 2.44 kJ kg™)K', soit takes 
2.44 kj to raise the temperature of I.kg ofethanol by 1 K. The lower the specific 
heat capacity of a given substance, the-higher the rise in temperature when the 
same amount of heat is transferred to the sample, 


Specific heat capacity is amintensive property that does not vary in magnitude 
with the size of the system being described»For example, a 10 cm? sample of 
copper has the’same specific heat capacity as a 1 ton block of copper. When you 
heat up a pure substance, the rise in temperature depends on: 


e the identity of that substance 
*» the mass of that substance 


«the amount of heat supplied. 


Aae questions 


Using table 1, €alculate how much energy is required to raise the 
temperature of the following by 1 K. 


aa 1kg of water 
b. 1000 kg of copper 
3. When equal masses of two different substances, X and Y, absorb the same 
amount of energy, their temperatures rise by 5 °C and 10 °C, respectively. 
Which of the following is correct? 
a. The specific heat capacity of X is twice that of Y. 
b. The specific heat capacity of X is half that of Y. 
c. Thespecific heat capacity of X is one fifth that of Y. 
d. The specific heat capacity of X is the same as that of Y. 
4. Using table 1, state which of the following statements is correct. 
a. ore heat is needed to increase the temperature of 50 g of water by 
50 °C than 50 g of ethanol by 50 °C. 
b. Ifthe same heat is supplied to equal masses of ethanol and water, the 
emperature of the water will increase more. 
c.  Ifequal masses of water at 20 °C and ethanol at 50 °C are mixed 
‘ogether, the final temperature will be 35 °C. 
d. Ifequal masses of water and ethanol at 50 °C cool down to room 
emperature, ethanol gives out more heat. 
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Specific heat capacity, c, is used to calculate the amount of heat, Q, absorbed by 
a pure substance using the relationship: 


Q=mcAT 


where m is mass of the pure substance in kg and AT is the change in temperature 
of that substance in K. 
Heat, Q, is related to enthalpy change, AH, by the following equation: 

AH= -2 


n 
where n is the number of moles of the limiting reactant. In a reaction, the limiting QS 


reactant is the reacting substance with the least stoichiometric amount present, 
which therefore limits how much product can be formed. In contrast, the other 
reacting substances are said to be in excess. 


Performing reactions in a polystyrene coffee cup 
to measure the enthalpy change is a convenient 
experimental procedure. This method introduces 
systematic errors that can be analysed and the effect of glass stirrer 

their directionality assessed. prkstopper 


Systematic errors are a consequence of theexp ental 
two polystyrene cups 
nested together 
containing reactants 
in solution 


A Figure 8 A coffee-cup calorimeter 


le of anhyd 2. 180.0] of heat is transferred to a 100.0 g sample 
dded to 250g rina of iron, resulting in a temperature rise from 22.0 °C 
lorimeter, a te at se of 3.80K to 26.0 °C. Calculate the specific heat capacity 
|. Calculate the e, y change of of iron. 
iu oride. Assume that 
ride itself is negligible. 
2. First, determine the change in temperature, AT: 


25kg X 4.18 kJ kg! K7! x 3.80 K AT =(299 - 295)K= 4K. 
Substitute the values into Q = mcAT: 
u need to determine the energy gained for 0.180 kJ =0.100kg xc x 4K 


Make c the subject of the equation and solve: 


j 115g 
da eE na 0.180k| m 
- L = 0450 kg 
ER “0100 kgx 4K I 
Nee 2 DE ee ee 
n 0.0271 mol 
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Practice questions 

5. Calculate the energy absorbed by water when the temperature of 30 g of 
water is raised by 30 °C. The specific heat capacity of water is 4.18] g7 K7. 

6. 0.675 kj of heat is transferred to 125 g of copper metal. Copper metalhas a 


specific heat capacity of 385 J kg! K7. Calculate the change in'temperature 
of the copper metal. 
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In this skills task, we will look at the method used to 
calculate the enthalpy change for the exothermic metal 
displacement reaction between zinc and copper(I!) 
sulfate: 


Zn(s) + CuSO,(aq) —> Cu(s) + ZnSO,(aq) 


Relevant skills 


e Tool 1: Measuring variables 

e Tool 1: Applying techniques 

e Tool 2: Applying technology to process data 
e Tool 3: Processing uncertainties 

e Tool 3: Graphing 

e Inquiry 1: Controlling variables 

e Inquiry 2: Processing data 

e Inquiry 3: Evaluating 

Materials 

e electronic balance 

e coffee-cup calorimeter 

e meastringcylinder 

e thermometer or temperature probe 

* 1.0moldm> copper(|!) sulfatesolution 


e“ zinc powder 


Method 


W” Using an electroniqbalance, accurately measure 
the’mass of!25 cm? of 1.0 mol dm™? CuSOz solution. 
Transferthe solution to the coffee-cup calorimeter. 


2. Usingia thermometer or a temperature probe, record 
the temperature of the solution every 30 seconds for 
up to three minutes, or until a constant temperature is 
achieved. 


3. Atthree minutes, introduce between 1.3g and 1. fQ 
of zinc powder, record the exact mass of zinc and 
commence stirting. 


4. Continue totake temperaturereadings for up to five 
minutes/after the maximum)temperature has been 
reached. 


5. Produce a temperatureversus time graph to 
determine the change in temperature. 


6: Use your value of AT to calculate the heat released, 
Q, and the enthalpy change for the reaction, AH. 


Assumptions and errors 


A qumber ofassumptions are made when using this 
method: 


e ~The heat released from the reaction is completely 
transferred to the water. 


è > The coffee cup acts as an insulator against heat loss to 
the surroundings. However, the coffee cup also has 
a heat capacity and heat is transferred to it from the 
water, but it is much smaller than that of water. 


e The maximum temperature reached is an accurate 
representation of the heat evolved during the 
reaction. 


e The specific heat capacity of an aqueous solution is 
the same as that of water. 


Loss of heat from the system to the surroundings is the 
main source of error in this experiment and one that is 
difficult to quantify. The change in temperature, AT, 
calculated from a graph will include a systematic error. 
This loss of heat means that the maximum temperature 
recorded will be lower than the theoretical value, making 
the calculated value of Q lower than the actual value. The 
effect of errors on the result of subsequent calculations is 
important in considering improvements in experimental 
procedures. 


An accepted method of calculating the maximum 
temperature to compensate for systematic errors in data 
is to look at the cooling section of the curve after the 
reaction is complete, and extrapolate this back to the 
moment when zinc is introduced at 3 minutes, as shown 
in figure 9. A more accurate value for AT can then be 
determined. 


temperature / °C 
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time/min 


A Figure 9, Exampleofa temperature vs time graph for a 


calorimetry experiment 


Worked example 2 


A coffee-cup calorimeter was used to measure the temperature change for the 


reaction between zinc powder and a 1.0 mol dm™ solution of copper(I!) sulfate: 


The following results were recorded: 


| Mass of copper(II) sulfate solution’ / g 28.8 
Mass of zinc / g 1.32 
ANTYE Fo 


Determine the amount of heat released and.the enthalpy change for this 
reaction. 


Solution 
First, use Q = mcAT to’determine the amount of heatreleased: 
Q = 0.0288 kgx.4.18 kJ kg! K4%39.0K 
=4,69 kj 
Thenydetermine the limiting reactant forthe reaction. 
Number of moles of zinc, n(Zn) = m 


r 


1.37g 


~ 65.38 g mol" 
= 0.0210 mol 


Number ofimoles of copper(I!) sulfate, n(CuSO.z) = c x v 


=1.00 mol dm™= x 0.0288 dm? 


= 0.0288 mol 
Zinc is present in a smaller amount, so it is the limiting reactant. You can calculate 
the enthalpy change of reaction from AH = -2 
AH =- EN = -223 mol’ 


TOK 


In theory of knowledge, there 
are 12 concepts in focus. 
These are: evidence, certainty, 
truth, interpretation, power, 
justification, explanation, 
objectivity, perspective, culture, 
values and responsibility. 
Scientists perform experiments 
and process the raw data to 
enable us to draw conclusions. 
We compare experimental 
and theoretical values. What 
concepts do we utilize when 
justifying our conclusions? 
How do we use evidence? 

Are our judgments subjective 
or objective? When analysing 
and appraising experimental 
limitations, how do 
assumptions have an impact on 
our perceptions? 
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You can determine the enthalpy change of combustion of 
common alcohols in a school laboratory. After repeating 
the experiment several times with a homologous series 
of alcohols, you can subsequently analyse this data and 
identify patterns. 


Relevant skills 


e Tool 1: Recognise and address the relevant safety, 
ethical or environmental issues in an investigation 


e Tool 1: Measuring temperature and mass 


e Tool 1: Calorimetry 


e Inquiry 1: Appreciate when and how to insulate 
against heat loss or gain 


e Inquiry 2: Identify and record relevant qualitative 


observations and sufficient relevant quantitative data 


Materials 


e five spirit burners, each containing one of the 
following alcohols: methanol, ethanol, propan-1-ol, 
butan-l-ol and pentan-l-ol 


e electronic balance 
e beaker or metal calorimeter 
e tripod 


e temperature probe or thermometer 


Safety 


Alcohols should be handled and.disposed of with care 
because they are generally flammable, hazardous and 
volatile. 


Instructions 


1. Using suitable sources, identify the hazards and 
completea risk assessment for this experiment. In 
your risk assessment, you should: 


e ‘identify the hazards 
e assess the level of risk 
e J determine relevant control measures 


e  identifysuitable disposal methods aligned with 
your school’s health and safety policies. 


2. Determine the initial mass of the spirit burners using 
an electronic balance. 


3. Accurately determine the mass of 30 cm?.ofwater 
contained in a 250 cm? beaker or metal cal6rimeter. 


4. Using either a temperature probe or a thermometer, 
determine and record the initial temperature of 
the water. 


5. Ignite a spirit burner under the beaker or calorimeter 
and allow the alcohol to burn.to heat the water. The 
period over whichit burns can be set in one oftwo 
different ways: 


a. allow each alcohol to burnuntila temperature 
change of 80/°C.is reached 


b. “allow each alcohol to burn for a period of two 
minutes. 


6. Determine the finalwmass of each spirit burner 
immediately after.the flame is extinguished. Take extra 
care because the burner will be hot. 


7. Use yourwalues of AT of the water and Am of the 
burnerto caleulate the amount of heat released, Q, 
and the enthalpy change of combustion, AH, for 


each alcohol. 
thermometer 
beaker 
clamp — water 


4 spirit burner 
wick 

methanol 
A Figure 10 Atypical arrangement of experimental 
apparatus for an enthalpy of combustion determination 
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(an) Research skills 


Cite your sources fully, according to your school’s citing and referencing 
system. 


Worked example 3 


A metal calorimeter was used to measure the amount of heat released by 
the combustion of methanol. The following results were recorded: 


Mass of water / g | SI 


Change in mass of methanol / g | 0.348 


combustion for methanol. 


AT/°C | 300 Ay 
@ 
Determine the amount of heat released and the enthalpy change of ~~ : 


Solution 


First, use Q = mcAT to determine the amount of heat released: 


Q=0.0312 kg x 4.18 kJ kg"! K7 x 30.0 K 
=3.91k) ® 


You can N py chan re 
AH #= =E] x 
Ke eS 

Thermochemistry experiments,provide a useful set of raw data, and involve 
experimental procedures that can be evaluated for random and systematic errors. 
The identificationof the systematic errors and examination of their directionality 
are essential aspects of the analysis of experimental results. Calorimetry 
experiments typically give a smaller change in temperature than is predicted 
from theoretical values. This is the result of heat loss from the system, which is 
difficulttto measure. Scientists usually make the assumption that the heat lost 


to the environment is negligible. TOK helps us to understand our judgments of 
discrepancies between experimental and theoretical values. 
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The neutralization reaction between an acid anda 2. Review the titration, percentage error and 

base is exothermic. In this skills task, you will determine uncertainties sections in the Skills chapter. 

the unknown concentration of hydrochloric acid by 3. Rinse and fill the burette with sodium hydroxide 

measuring the change in temperature while sodium oon Recorde concentratia 

hydroxide is added to the acid. The temperature will 

reach a maximum when the acid and base are mixed 4. Add 25 cm? of acid solution to the cup and place it 

together in stoichiometric amounts. under the burette. Nest it inside. a second.cup, for 
additional thermal insulation)For safety, these cups 

Relevant skills should be placed insideva beaker to avoid tipping over. 

e Tool 1: Calorimetry and acid-base titration 5. Position the temperature probe in the acid and record 

J the initial temperature of the/acid in the cup. 


e Tool 2: Use sensors 
6. Add a small volume (~5 cm?) of sodium hydroxide 


solution to the acid, stirring gently Record the highest 
e Tool 3: Understand the significance of uncertainties in temperature reached. with this addition. 
raw and processed data 


e Tool 3: Calculate and interpret percentage error 


7. Continue adding small volumes of sodium hydroxide 
e Tool 3: Propagate uncertainties and state them to an solution and recording the température until the 
appropriate level of precision temperature decreases over several consecutive 
readings. 


e Tool 3: Extrapolate graphs 


e Inquiry 1: Appreciate when and how to insulate 8. (Clear up as ipstruct@d by yur teacher. 


against heat loss or gain Questions 
e Inquiry 3: Identify and discuss sources of systematic 1. sPlot a graph showing temperature vs volume of 
and random error sodium,hydroxide solution added. 
Safety 2. Extrapolate the two sections of the graph to find the 


f maximum temperature reached during the titration. 
e Wear eye protection. E g 


3. Determine the concentration of the acid, along 

with absolute and percentage uncertainties. Make 
e Hydrochloric acid is corrosive. sure you state all values to an appropriate level of 
precision. 


e Sodium hydroxide solution is corrosive. 


Materials 


: 4. Calculate the percentage error of your experimental 
e two 250 cmSpolystyrene cups acid concentration. 


* thermometer or temperature probe 5. Determine the enthalpy of neutralization, along with 


e graduated pipette and filler absolute and percentage uncertainties. State all 


aE values to an appropriate level of precision. 
- Moulcite 


6. Calculate the percentage error of your experimental 


e a ~50.0 cm? sodium hydroxide solution of known enthalpy of neutralization. 


concentration 
7. Comment on the relative impacts of systematic and 


random error on the values obtained for the acid 
concentration and enthalpy of neutralization. 


* 30.0 cm’ hydrochloric acid of unknown concentration 


Method 
8. Suggest and explain two improvements that could be 
1. Read through the safety, materials and method. Use made to this method. 


this information, and relevant safety data, to complete 
a risk assessment for this practical work and show it to 
your teacher. 


Reactivity 1.1 Measuring enthalpy changes 


Experimental enthalpy values can be assessed in terms of their accuracy and 
precision. Random errors in measurement lead to imprecision, whereas 
systematic errors cause inaccuracy. What are some of the sources of random 
and systematic errors in an enthalpy of neutralization experiment? To what 
extent are these errors quantifiable? 


@) Thinking skills 


Calorimetry experiments conducted in research laboratories utilize the same 
principles as the calorimetry experiments described in this chapter. The 
instrument used is called a bomb calorimeter (figure 11). Asample is bu 
inside a chamber (called a “bomb”), and the resulting temperature chan 

the surrounding water is measured. 


igniti 
device 


jacket 


stirrer 


calorimeter 
bomb 


water bath 


ud 
educe the purpos&of each feature. 


surements obtained with a bomb calorimeter are 
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Reactivity 1 What drives chemical reactions? 


End of topic questions 


Topic review 
1. Using your knowledge from the Reactivity 1.1 topic, answer the guiding question as fully as possible: 


What can be deduced from the temperature change that accompanies chemical or physical change? 


Exam-style questions 
Multiple-choice questions 
2. Which is correct for the following reaction? 


2Al(s) + GHCl(aq) > 2AICl(aq) + 3H2(9) 
AH = —1049 kj mol"! 
A Reactants are less stable than products and the reaction is endothermic. 

B Reactants are more stable than products and the reaction is endethermic. 


C Reactants are more stable than products and the reaction is exothermic: 


D Reactants are less stable than products and the reaction is exothermic. 
3. Which statement is correct? 


A Inan exothermic reaction, the products have more energy than the reactants. 


B Inan exothermic reversible reaction, the activation, energy of the forwardyreaction is greater than that of the 
reverse reaction. 


C Inan endothermic reaction, the productsare more stable than the reactants. 


D Inan endothermic reversiblereaction)ithe activation energyiof the forward reaction is greater than that of the 
reverse reaction. 


4. Which statement is correct for thisreaction? 


Fe,O.(s) + 3CO(g) > 2Fels) + 3CO2(g) 

AH = —26.6 kj mol"! 

A 13.3 kj) are released forevery mole of Fe produced. 
B 26.6 kj] areabsorbed for every molexof Fe produced. 
C 53.2 k)are released for everymole of Feproduced. 
D  26.6k) arereleased for every mole of Fe produced. 


5. lawhich reaction dathe reactants have a lower energy than the products? 
A CHilg) + 20,(g) + €O.(g) 2H,0(g) 
B) ‘HBr(g) > Hig) #Br(g) 
C Na*(g) #Cl(g)> NaCl(s) 
D NaOHlag) + HCl(aq) > NaCl(aq) + HO(!) 


Reactivity 1.1 Measuring enthalpy changes 


Extended-response questions 


6. Nitrogen dioxide and carbon monoxide react according to the following equation: 
NO,(g) + CO(g) > NO(g) + CO.(g) 
AH = —226 kj mol"! 
a. Calculate the enthalpy change for the reverse reaction. 


b. State the equation for the reaction of NO; in the atmosphere to 
produce acid deposition. 


[1] 


[1] 


7. Powdered zinc was reacted with 25.00 cm? of 1.000 mol dm copper(I) sulfate soluti6min 


an insulated beaker. Temperature was plotted against time. 


SSA 


D 
=] 
1 


354 
304 oY 


20 
a r- m — T- 7 


10) 2 4 6 8 10 
time / min 


temperature / °C 


a. Estimate the time at which the powdered zinc was placed in the beaker. 
b. State what point Y on the graph represents. 


The maximum temperature used torcalculate theenthalpy change of reaction was chosen 
at a point on the extrapolated (red) line: 


c. State the maximum temperature thatshould be usedjand outline one assumption 
made in choosing this temperature.on the extrapolated line. 


d. To determine the enthalpy of reaction, the experiment was carried out five times. 
The same volume and concentration.of copper(ll) sulfate was used but the mass of 
zinc was different each time. Suggest, with aireason, if zinc or copper(|!) sulfate 
should be invexcess for each trial. 


The formula g=mcAT Was used to calculate the amount of energy released. 
The values used in the calculation werem = 25.00 g and c = 418 J g7 K7. 
e. Statelan assumption made\whenusing these values for mand c. 


f.¢_ Predict, giving a’reason), how the final enthalpy of reaction calculated from 
this experiment would compare with the theoretical value. 


8. A potato chip (crisp) was ignited, and the flame was used to heat a test 


ube containing;water. 
Mass of water/g 78 
Mass of chip/g 12 
Initial temperature/°C 21.3 
Final temperature/°C 22.6 
a. Calculate the heat required, in kj], to raise the temperature of the water, using 
data in the table above and from section 2 of the data booklet. 


b. Determine the enthalpy of combustion of the potato chip, in k} g7. 


=e 
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Neat Visayas Energy cycles 
in reactions 


How does application of the law of conservation of energy help us to predict energy eae 
during reactions? 


The utilization of energy is central to our lives. Agricultural, This law is often called the lawof.conservation of energy. 
industrial, and domestic activities all consume vast According to this law, energy can be neither created 
amounts of energy daily. Thermodynamics is the nor destroyed; it can only be converted from one form 
study of energy and its interconversions. The first law of to another. This means that for a given reaction we.can 


thermodynamics states that energy can be converted from account for and quantify all the energy changes. Thisis one 
one form to another and that the total amount of energy for ofthe most fundamental principles of science. 
a given system remains constant. 


Understandings 


Reactivity 1.2.1—Bond-breaking absorbs and bond- ` 

P i ; rdenthalpy changes of z 
orming releases energy. $ Mation, AH,®, data are z 
Reactivity 1.2.2—Hess's law states that the enthalpy tions. 
change for a reaction is independent of the pathway 


Ca lication of Hess's law 
between the initial and final states. BA PP 


usesie fa’ r data or enthalpy of 


“A culate the enthalpy change 
dy ivity 1.2.5—A Born-Haber cycle is an 


application of Hess's law, used to show energy 
changes in the formation of an ionic compound. 


A 


Bondàbreaking and bond-forming 
(Redetivity 1.2.1) 


Whenra chemical reaction takes place, the atoms of the reactants are rearranged 
tocreate products. Chemical bonds in the reactants are broken and new 
chemical bonds are made to form the products. Energy is required to break the 
chemical bonds: bond-breaking is an endothermic process. Energy is released 
when new chemical bonds form: bond-making is an exothermic process. This 
transfer of energy between the system and the surroundings is an essential part of 
understanding the energy changes involved in a chemical reaction (Reactivity 1.1). 


The law of conservation of energy states that energy can be neither created 
nor destroyed; it can only be converted between different forms. Laws allow 
predictions to be made but, unlike theories, laws do not have explanatory 
power. What other laws have you come across in your study of chemistry? 


Reactivity 1.2 Energy cycles in reactions 


Bond enthalpy 


Imagine a simple hydrogen molecule, H2. The breaking of the hydrogen 
molecule into individual hydrogen atoms requires energy. The bond enthalpy 
(BE) is defined as the energy required to break one mole of bonds by homolytic 
fission in one mole of gaseous covalent molecules under standard conditions. 
The process of homolytic fission distributes the electrons from the bond equally 
between the two new species. This results in the formation of radicals, indicated 
by the * symbol. 


For example, the bond enthalpy of the H-H bond is equal to the enthalpy change 
of the following reaction: 


H,(g) > 2H*(g) AH = +436k}mol” 


Bond-breaking is an endothermic process, and therefore it has a positive 
enthalpy value. 


Selected BE values are provided in table 1 (on the next page) and section)]2 of 
the data booklet. Bond enthalpy values are derived from experimentahdata on 
the breaking of the same bond in a wide variety of compounds. For example, 
the C-H bond enthalpy will vary through the alkane series because the.chemical 
environment of the individual bonds changes. 


Ifa molecule of methane underwent a series of steps in'which one hydrogen 
atom was removed ata time, the bond enthalpy foreach removal would be 
different. This is because the chemical environment changes upon the removal, of 
successive hydrogen atoms. 


CH4l9) > *CH3(g) + *H(g) BE (C=) = +439 kj mol” 


°CH,(g) > *CH,(g) 4êHlo) BEC-H) = +462 kj mol” 


*CH.{g) > *CH(g) + +H(9) BE;(C-H) =+424k] mol 


*CH(g) > *C(g)+#'sHig) BE{G2A)= +338 kj mol" 


Can you recognize the differences in the products\of each equation and explain 
how the chemical environment changes/or each successive step? 


Bond enthalpies are average valuesiand aretherefore only an approximation. The 
average bondenthalpy value of the C-H bond is +414k} mol". 


A Figure 1 When you examine the structure of this hexane molecule, can you see how the 
chemical environment of the C-H bonds differs throughout the molecule? 
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Reactivity 1 What drives chemical reactions? 


Average bond Average bond 
enthalpy / kj mol” enthalpy / kj mol” 


explanations are based 
ained to modify and refine the 


Measured el y Gesi ice 
Wd en Ps and bonds; 
one 


You can use en y data to calculate the enthalpy change of reaction, AH: 
(BE of bonds broken) — X(BE of bonds formed) 


ange ofa reaction calculated from bond enthalpies will differ 
actual value, as bond enthalpies are average values. Additionally, bond 


ortant when substances ina reaction are solid or liquid. 


hen performing bond enthalpy calculations, it is useful to draw out the full 
structural formulas of the reactants and products involved in the reaction. From 
this, you can determine the type and number of each chemical bond present. 


molei of bromoethan 
e P c bond 


The model of bond breaking and formation is used to represent the energy 
changes taking place within a reaction system. We can assess the extent 

to which this model is in agreement with empirical data, by comparing the 
theoretical values generated from bond energy data with experimental 
evidence. Using empirical data to replace or modify proposed models is a 
central methodology in science. 
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Reactivity 1.2 Energy cycles in reactions 


Worked example 1 


Using bond enthalpy data, determine the enthalpy change of reaction for the following process: 


C3H,(g) + HBr(g) > C2HsBr(g) 


Solution 


Start by drawing the full structural formulas of all of the reactants and products: 


In the reactants, there are four C-H bonds, one C=C bond and one 


\ x | 


ve X | 


CC arin ie — sn} ESC 


H—Br bond. {nthe product, there are five G-H 


bonds, one C-C bond, and one C-Br bond. Therefore, the enthalpy changefonthe reaction is as follows: 


AH = (BE of bonds broken) — X(BE of bonds formed) 


= [4BE(C-H) + BE(C=C) + BE(H-Bn)] — [SBE(C-H) + BE(C@) + BE(G-Br)] 


Then, substitute in the BE values from the data booklet: 


=[(4x 414) + 614 + 366] -[(5 x 414) + 346 + 285] 
= 2636 — 2701 
=—65k)mol! 


Practice questions 


1. 


The chloralkali process is anindustrial process used to,make chlorine 
gas and sodium hydroxide. Muchof the chlorine gas is combined with 
hydrogen gas to produce hydrogen chloride: 

Clo(g) + Ha(g)> 2HCI@) 
The enthalpy change-for this reactionis—185ikjmol™. Using section 
12 of the data booklet, calculate the bond enthalpy, in k} mol”, for the 
HAC! bond. 
Enthalpy changes depend on the number and type of bonds broken and 
ormed. Hydrogen gas can be formed industrially by the reaction of natural 
gas with’steam; 

CH,(g), + H3O(g) + 3H,(g) + CO(g) 
Determine theenthalpy,change, AH, for this reaction, in kj mol, using 
section 12 of the data‘booklet. 
ethane and chlorine react to produce chloromethane and hydrogen 
chloride: 


a. , Write the balanced chemical equation for this reaction. 

bà Using bond enthalpy values from the data booklet, determine the 
enthalpy change for this reaction. 

c. Deduce and explain whether this reaction is exothermic or 
endothermic. 

d. State which are more energetically stable, the reactants or 
the products. 


2 Linking question 


ow would you expect bond 
enthalpy data to relate to bond 
ength and polarity? (Structure 2.2) 


ow does the strength of a 
carbon-halogen bond affectthe 
rate ofa nucleophilic substitution 
reaction? (Reactivity 3.4) 
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Reactivity 1 What drives chemical reactions? 


AN AH 
AH, 


yoni 
B 


A> Figure 4 Hess’s law 


Hess’s law (Reactivity 1.2.2) 


If you have travelled to New York City, Shanghai, Paris, Seoul, London, Madrid or 
Delhi, you have experienced the subways that criss-cross these enormous cities 
and transport millions of people every day. In any transport network there is more 
than one way to travel between point A and B. If you are an adventurous traveller, 
half the fun is often working out the fastest route. 


A Figure3 The extensive metro system in Seoul provides many alternative 
pathways for navigatingithe urbansprawl 


The same idea'can be true for chemistry. A chemical equation usually shows 
the net reaction ~it can be a summary.of a number of different reactions, which, 
when added together, result in an overall reaction. 


For example, the overall reaction forthe oxidation of elemental sulfur, S(s), to 
sulfur trioxide, SO; (|), is as follows: 


5) + oo) > SOx(l) 


However, this'process is difficult to carry out in one step. Typically, sulfur is 
oxidized firstito sulfur dioxide, SO,(g), and then sulfur dioxide is oxidized further 
toysulfur trioxide: 


Step 1: S(s) + O2(g) > SO.Ag) 
Step 2: SO.(g) + 50x) > SO3(|) 


Ifyou add up the enthalpy changes that occur in each of these individual steps, 
the total would be the same as the enthalpy change of the overall reaction. This is 
the basis of Hess's law: 


Regardless of the route by which a chemical reaction proceeds, the 
enthalpy change will always be the same, as long as the initial and final 
states of the system are the same. 


ess's law is an application of the conservation of energy law. Figure 4 illustrates 


ess’s law: the enthalpy change for reaction A > B (AH,) is equal to the sum of 
he enthalpy changes for the reactions A > C and C > B (AH, + AH). 


ess's law can be applied to find the unknown enthalpy change for a given 
reaction by combining other reactions with known enthalpy changes. 


Reactivity 1.2 Energy cycles in reactions 


Worked example 2 
The reaction for the formation of methanol is shown below: 
Cls) + 2H.(g) + 20,19) + CH:OH() 


Use Hess's law and equations 1-3 to calculate the enthalpy change for the reaction above. 


3 
1 | CH;OH(I) + 3049) > CO9) + 2H,0()) | AH = -726 k] mol” 


2 | C(s) + O2(g) > CO.lg) AH = —394k} mol! 
3 | Hg) +1040) = H01) AH = —286k|mol” 
Solution 


There are two methods for using Hess's law for a question like this: the summation of equations method,.and the 
enthalpy cycle diagram method. 


Summation of equations method 


First, inspect the formation of methanol reaction scheme. In your calculation, you need to use enthalpy values 
corresponding to reactions that involve carbon, hydrogemand oxygen as reactants fand methanol as a product. 


Start with the reactants. Carbon is a reactant in equation 2,,.so this equation ean be used as written: 
C(s) + O2(g) 'GO3(g) AH = 394k) mol"! 


You require two moles of hydrogen as a reactant. Therefore, equation 3 canbe used in the direction as written, but with 
doubled stoichiometric coefficients. This means that the enthalpy value must also be doubled: 


242g) #O.(g) > 2H,O(|) WA = —572k} mol 
We also need half a mole of oxygen. Oxygen is present as a reactant in two of the above equations, so ignore this for now. 


For the product methanol), you need to use equation, 1. However, the equation must be reversed to make methanol a 

product, nota reactant. Whemreversing the chemical equation, the sign of the enthalpy change must also be changed: 
CO,(g) 424,O(l)> CH:OH(I) + 30,9) AH = +726 kj mol” 

Nowadd the three equations together, càneêlling the species common to both sides of the reaction, and add the 

enthalpy values: 


C(s) + O3(g) > CO9) AH = —394kj mol™ 
2H-(9)+ O29) > 2H,O\!) AH = —572k|mol™ 
CO,(g) 2H,0(!) > CH;OH(|) + 20,0) AH = +726 kj] mol” 


Total CHROMO, + 2H, +20; + HÓ z LO; + 2H + CH:OH +20, AH = —240 kj mol 


Cancelling the common species gives the overall equation C + 2H2 + To — CHOH, which is identical to the reaction 


in the question. Therefore, the total enthalpy change for the reaction is equal to -240 kj mol. Note that here and below 
the states are omitted to save space. Ps 
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Enthalpy cycle diagram method 
You can represent the calculations needed to determine the enthalpy change of reaction in the form of an enthalpy 
cycle diagram. 


First, write the equation you are trying to find the enthalpy change for: C + 2H, += lo: — CHOH. Below nee wri 
other species from equations 1, 2 and 3 not included in the original reaction: oe + 2H,O. Oxygen, O», is ce 9, 
included in enthalpy cycle diagrams. a 


Then, draw two arrows from the reactants to the species at the bottom to represent 
equations 2 and 3. Draw an arrow from the products to the species at the bottom to Cy 


represent equation 1. AN 


Finally, label the arrows with the enthalpy change values. As with the summation of 
equations method, the enthalpy change for equation 3 needs to be doubled to give d 
the value for two moles of hydrogen. The resulting enthalpy cycle diagram is ues A 


figure 5. 

Then, calculate the sum of the enthalpy change values, following the dre 

pathway from the reactants to the products, via the CO, and ee on tes. Ifthe 
pathway you are following is in the opposite direction of an arrow (int may last 


arrow), reverse the sign of the enthalpy change. This calculation is su ey Poa a Figure 5uEnthalpy cycle diagram 
(—394) + (-286 x 2) + (+726) = —240k| Jmol Ayre formation of methanol 


(art) Communication skills 
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In the previous worked example, you have seen two Whichever method you prefer, make sure you show 
methods for representing and solving Hess's law your reasoning clearly in assessments. Often candidates 
calculations: the summation of equations method and the make arithmetical errors when calculating the enthalpy of 
enthalpy cycle diagram method. In whatsituations would reaction. Its advisable to clearly show your full working 
you use an enthalpy cycle? In what situations,would you rather than simply recording the final answer. This gives 
use the summation of equations method? What are the the examiner the opportunity to assign partial marks 


strengths and limitations ofeach methodo what extentare. where applicable. 
the methods different if they represent the same coneépt? 


Practice questions 


4ħ Calculate the enthalpy change for the following reaction, using the 
| summation of equations method, and equations 1-3 below: 


Hala) + 2C(s) + oo > C-H:OH() 


w 


C,HsOH(!) + 30.(g) > 2CO.(g) + 3H-O(l) | AH = —1367 kj mol” 
2 | C(s) + O(g) > COg) AH = —394 kj mol" 
3 | H9) + 50,6) = H,0()) AH = —286 kj mol” 


5. Determine the enthalpy change for the following reaction, using the 
enthalpy cycle diagram method and equations 1-3 below: 


4NH,(g) + 50.(g) > 4NO(g) + 6H-0(1) 


N2(g) + O2(g) > 2NO(g) AH = +66k] mol” 
N2(9) + 3H2(g) > 2NH-(g) AH = —92 kj mol” 
2H,(g) + O.(g) > 2H,0() AH = —572k|mol™ 


Reactivity 1.2 Energy cycles in reactions 


When heated, potassium hydrogencarbonate 
decomposes to produce potassium carbonate, carbon 
dioxide and water. The enthalpy change for this 
decomposition is difficult to determine directly. You will 
determine the enthalpy change for two other reactions, 
and then apply Hess's law to find the enthalpy change for 
the decomposition of potassium hydrogencarbonate. 


Relevant skills 


e Tool 1: Calorimetry 
e Tool 3: Record, propagate and express uncertainties 


e Inquiry 2: Carry out relevant and accurate data 
processing 


e Inquiry 3: Evaluate the implications of methodological 
weaknesses, limitations and assumptions on the 
conclusions 


Safety 

e Wear eye protection. 

e Hydrochloric acid is an irritant. 

e Anhydrous potassium carbonate is an irritant: 


e The reaction between carbonates and acids 
effervesces. Cover the reaction vessel witha lid to 
prevent loss of reagentsand spillage. 


Materials 


e 2moldm™ hydrochloric acid 
e anhydrous potassium carbonate (solid) 


e potassium hydregencarbonate (solid) 


Method 

1. Read.through the method,andwwrite a list of 
equipment required for the practical. Show it to your 
teacher for approval before starting. 


2. Place approximately 3\g.of potassium carbonate into a 
weighing boat. Record the exact mass. 


3. Use a measuringscylinder to collect 30 cm? of 
hydrochloric acid and transfer it into a coffee-cup 
calorimeter. Record the temperature of the acid. 


4. Add the potassium carbonate to the acid solution and 
stir the mixture, monitoring the temperature. Record 
the maximum temperature reached. 


5. Dispose of the reaction mixture appropriately. 


6. Repeat the procedure, using potassium 
hydrogencarbonate instead of potassium ¢garbonate. 
(Note that this time, record the lowest temperature 
reached because the reaction is endothermic:) 

Analysis 


Part 1: Known enthalpy changes of reaction 


i 


Write a balanced equation, including state symbols, 
for the reaction between: 


a. potassium carbonateland hydrochloric acid 

b. potassium hydrogencarbonate and hydrochloric 
acid 

Show thatthe acid is in excess imbothicases. 


Processyour experimental data to determine the 
enthalpy change for the reaction,between: 


a. @potassium carbonate and hydrochloric acid 


b: potassium*hydrogencarbonate and hydrochloric 
acid 


Part 2: Applying)Hess’s law 


4 


Write a balanced êquation, including state symbols, for 
the decomposition of potassium hydrogencarbonate 
to produce potassium carbonate and other products. 


Draw an enthalpy cycle connecting the three reactions: 

e potassium carbonate and hydrochloric acid 

e potassium hydrogencarbonate and hydrochloric 
acid 

e thermal decomposition of potassium 
hydrogencarbonate 


Apply Hess's law, and your processed data from part 1, 
to determine the enthalpy change for the thermal 
decomposition of potassium hydrogencarbonate. 


Propagate uncertainties to determine the absolute 
uncertainty of the enthalpy values you have obtained. 


Look up the theoretical value for the enthalpy 
change for the decomposition of potassium 
hydrogencarbonate online. Use this value to 
determine the percentage error of your result. 


Identify two assumptions made throughout this 
investigation and discuss their validity. 


. Identify and explain two major sources of systematic 


error in this investigation. 
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Reactivity 1 What drives chemical reactions? 


Exothermic and endothermic N 


reactions are introduce: 
Reactivity 1.1. 


N 


Standard enthalpy changes of combustion, 
AH.®, and formation, AH;° (Reactivity 1.2.3 
and Reactivity 1.2.4) 


When describing a standard enthalpy change, there are a number of steps that 
must be completed. 


|. Determine the type of reaction. 
2. Write an equation to describe the reaction. 


3. Include state symbols in the equation. 


The standard enthalpy change of combustion, AH£, is the enthalpy change 
that occurs when one mole of a substance invits standard state is burned 
completely in oxygen. The standard statefof a pure substance is the form that it 
takes under standard conditions: 25,00 °C (298.15 K), which is taken asybeing 
room temperature, and a pressure of 1}00 x 10° Pa. 


When a hydrocarbon undergoes combustion, it reacts, with oxygen to produce 
carbon dioxide, COz, andwatern O. Butane, C4Hio, is ahighly flammable 

gas and a component of liquefied petroleum gas (LPG). The equation for its 
combustion is as follows: 


CzHio(g) + Eoo) > 4CO,(g)+ 5H20(1) 


The standardienthalpy of combustiðmifor butane, AH.°, is —2878 kj mol". This 
value, andthe standard enthalpies of combustion for other substances, are given 
in section 14 ef the data booklet, along with their standard states. 


Theichemical equation fonthe combustion of butane can also be written with 

the enthalpy of combustion value included in the equation. The negative 
enthalpy change indicates an exothermic reaction, so energy is released into the 
surroundings? Therefore? the value is included on the product side: 


CHO) + Roo) — ACO,(g) + 5H;O\!) + 2878k| mol” 


Write equations to describe the standard enthalpy change of combustion for 
the following compounds, and state the enthalpy change values by referring 
to section 14 of the data booklet. Ensure that you include state symbols and 
that the equations are balanced: 


a. octane, CgHig 
b. cyclohexanol, CgH;2O 


c. methanoic acid, CH,O0, 


o 


glucose, CgHi20¢ 


chloroethane, C,HsCl (hint: a strong, corrosive acid is one ofthe products) 


Reactivity 1.2 Energy cycles in reactions 


Much of the world's energy supply is produced by the combustion of 
hydrocarbons. Increasingly, the scientific community is researching alternative 
energy sources to reduce harmful emissions of greenhouse gases. This 

will enable governments to reach emission targets set by international 
agreements, such as COP21 in Paris and COP26 in Glasgow. 


The combustion of ammonia is being investigated as a possible carbon- 

neutral fuel source. However, one problem with this new technology 

is the high level of NO, emissions. Industrial processes are rarely totally 
“green”: there are environmental costs associated with every method of 
energy production. How do we measure the environmental impact of 

different fuel sources, and which factors are most important for a fuel to be 
sustainable? Who should make decisions about what fuel sources are used to ' 
produce energy? @ J $ 


The standard enthalpy change of formation, AH;®, of a substance is the energy 
change that occurs when one mole of a substance is formed from its constituent 
elements in their standard states. Most elements are solids in theinstandard state, 
but there are 11 elements that are gases under standard conditions, for example 
argon, Ar, and fluorine, F2. Two elements are liquid under standard conditions» 
mercury, Hg, and bromine, Bro. 


The constituent elements of butane are carbon, Gand hydrogen. Therefore, 
the formation of butane is described by thefollowingequation; 


AC(s) + 5H,(g) => CyHiolg) 


The enthalpy change of formation of butane, AHÙ, is —126,k) mol". This value, 
and other values for the. standard enthalpy change of formation.for many common 
compounds, can be found. in section 13 of the databooklet. The standard states 
of these compounds are given in the same section. 


Writeequations to describe the standard enthalpy change of formation for 


the following compounds, and state the enthalpy change values by referring 
to section 13 of thedata booklet: 


„a. propane, C3Hs d. benzoic acid, CsH;COOH 
b. “chloromethane, CH;Cl e. carbon monoxide, CO 
c. ethanol“ @,H;Q. f. methylamine, CHNH2 


You willfnotice that when writing chemical equations for standard enthalpy 
changes of combustion and formation, fractional stoichiometric coefficients may 
be necessary to balance the equation. This is one of the few cases when it is 
correct to use fractions to balance the final chemical equation. 
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Reactivity 1 What drives chemical reactions? 


Under standard conditions, the element carbon exists as several allotropes, for 
example, diamond, graphite and buckminsterfullerene. Allotropes of carbon 
have different AM;® values. Ifan element has several allotropes, the normal 
convention is that the most stable allotrope is the standard state. The enthalpy 
of formation is Okj mol"! for all elemental substances in their standard states. 
Graphite is taken as the standard for the carbon allotropes, and so itas a 
standard enthalpy of formation of O k} mol". 


(art) Thinking skills G Linking question AÑ a 


Reflect on the rationale for Would you expect allotropes of an element, such as diamond andgraphite, 
averaging bond enthalpy values. to have different AH,° values? (Structure 2.2) 

Evaluate the strengths and yN 

limitations of this approach. 


The allotropes of carbon and 
their structures are discussed in 
Structure 2.2. 


Applying Hess's law to enthalpy changes 6f,;combustion 


As discussed earlier in this topic, enthalpy is a state function, so the enthalpy 
change of a reaction is the difference between the initialiand final values of 
the enthalpy of the system. The pathway between this initial and final state of a 
chemical reaction does not affect the overall enthalpy change. 


The overall standard,énthalpy change for aréaction, AH;®, can be calculated 
using enthalpy of combustion data. The difference between the sum of the 
enthalpy changes of combustion ofthe reactants and the sum of the enthalpy 
changes of combustion ofthe products is equal to the overall enthalpy change 
of the reaction: 


AH,® = X(AH.® reactants) — X(AH.® products) 


This is a direct application of Hess's law. 


Pa W,- 
Practice question 
6.“ Using Hess's law and enthalpy of combustion data, the enthalpy change of 


formation of pentane is determined to be -177 kJ mol", but the value given 
ipthe data booklet is —173 kj mol"!. Suggest why the values are different. 


Applying Hess's law to enthalpy changes of formation 


The standard enthalpy change for a reaction can also be calculated using 
4 enthalpy of formation data. The difference between the sum of the enthalpy 
( changes of formation of the products and the sum of the enthalpy changes of 
formation of the reactants is equal to the overall enthalpy change of the reaction: 


AH $ = 3(AH,® products) — 3\(AH;° reactants) 
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Reactivity 1.2 Energy cycles in reactions 


Worked example 3 


Calculate the standard enthalpy change of formation of pentane, C;H;2, using the enthalpy of combustion data from 
section 14 of the data booklet. 


Solution 
Step 1: Write a balanced chemical equation for the formation of 1 mol of pentane: 5C(s) + 6H(g) > C5H4} 


Step 2: Write equations for the combustion of carbon, hydrogen and pentane and find their standard/enthalpy change 
values from section 14 of the data booklet. 


1 | C(s) + O.(g) > CO.(g) AH® = —394k}mol”" 
2 | H,(g) + Tog = H:O()) = ~ 
3 | CsH2(l) + 80-19) > 5CO-(9) + 6H20() | AH® 4 —3509k|mol™ 


Step 3: Use these equations with either the summation of equations method,or enthalpy cycle diagram method to 
determine the enthalpy change for the reaction. These methods wereintroduced eaflier in this topic. 


Summation of equations method 


Inspect the formation of pentane reaction scheme. In your caleulationyyou need to use enthalpy values corresponding to 
the combustion reactions that involve carbon, hydrogen.and pentane. Carbon is a reactant in equation 1, but five moles 
are required for the overall equation. Therefore you should/multiply the enthalpy of combustion of carbon by five: 


5C(s) + 50.(g) = 5€O,(g) AH = —1970k} mol! 
You also require six moles of hydrogen as a reactant. Equation 2 should be used, withthe enthalpy change multiplied by six: 
6H2(g) # 302(9) +6H20(() AH. ==9716 kj mol" 


For the product pentane, you should use equation 1, but the equation.must be reversed to make pentane a product, not 
a reactant. As a result, the enthalpy change sign changes from negative to positive: 


5COKg) + GHO(!) + Csil) B80.(g) AH? = +3509 kj mol" 


Now add the three equations together, cancelling,the species common to both sides of the reaction, and add the 
enthalpy values: 


5@6)4 50-19) 4 5CO,(g) AHL = -1970k| mol" 
6H,(g) + 30,(g) = 6H;O(!) AH? = —1716 kj mol” 
5CO.g) + 6450) = CsHrall) + 802/9) AH® = +3509k| mol 

Total (5C PS6; + 6H. +80 HOLI +60 > 5E0,4+6H0+CsHn +805 AH? = -177 kmol” 


Gancelling the common species gives the overall equation 5C(s) + 6H2(9) > CsH:2(1). Therefore, the total enthalpy 
change for the reactioniis —177 kJ mol”. 


Enthalpy cycle diagram,method 5C(s) + 6Ho(q) AH", Cail) 


The enthalpy eycle diagram is on the right. Oxygen, O.(g), is not included in enthalpy 
cycle diagrams. 


Calculate the sum of the enthalpy change values, following the arrows from the 6x 
reactants to the products, via the CO2(g) and H,O(|) intermediates. If you are going 5x\ (286) -3509 
against the direction of an arrow, reverse the sign of the enthalpy change. (394) 
This calculation is summarized below: 
AH®? = 5 x (—394) + 6 x (—286) + 3509 = -177k| mol! 5COo(g) + 6H2O(() 
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Reactivity 1 What drives chemical reactions? 


Worked example 4 


Calculate the enthalpy of combustion of pentane, CsH,,(I), using the enthalpy of formation data from section 13 of the 
data booklet. 


Solution 
Step 1: Write a balanced chemical equation for the combustion of 1 mol of pentane: 
CsHiall) + 802(g) > 5CO,(g) + 6H-0(1) 


Step 2: Write equations for the formation of pentane, carbon dioxide, and water from theirelements and find their 
standard enthalpy change values from section 12 of the data booklet. 


1 | 5Cls) + 6Ha(g) > CsHhal) | AH = -173kjmol™ 
2 |C) + Ox(g) > CO9) | AHS = -394 kj mol” 


3 | HAlg) +1040) +H,0l) | AHE = 288m0 


J 


Step 3: Use these equations with either the summation of equations method or enthalpy cycle diagram method to 
determine the enthalpy change for the reaction. 


Summation of equations method 


In your calculation, you need to use enthalpy values corresponding to the formation.reactions that involve pentane, 
carbon dioxide and water. Pentane is a reactant in the overallequation, but a product in equation 1. Therefore, equation 
1 must be reversed. As a result, the enthalpy change sign'changes from negative to,positive: 


CsH yall) > 5C(s)+ 6H2(9) AHE = +173 kimo 


Carbon dioxide is a product in an equation 2, but five moles are required forthe overall equation. Therefore, you should 
multiply the enthalpy of formation ofarbomdioxide’by five: 


5C(s) 50-19] > 5CO.(g) AHS = —1970 kj mol" 
You require six moles of water as a product, Equation 3 should be used, with the enthalpy change multiplied by six: 
6H2(9) + 302(g) =6H20(), AHE = —1716 kj mol 


Now add the three equations together, cancellingthe species common to both sides of the reaction, and add the 
enthalpy values: 


Esbhall) = 5C(s) + 6H2(g) AH® = +173 kj mol" 
5C(s) + 50.(g) > 5CO,(g) AH,© = -1970k) mol" 
6H,(g) + 304g) > 6H,O\(!) AHE = -1716k| mol" 
Total, CHF + 5C.4+ 505+ 6HBt30, = 5C + 6H, + 5CO, + 6H,O AH® = —3513k|mol 


Gancelling the comffon Acic Aes the overall equation CHA + 80,(g) > 5CO,(g) + 6H,O(|). Therefore, the total 
enthalpy change forthereaction is —3513 kJ mol. 


Enthalpy cycle diagram.method Cs5H12(1) + O2(9) Bales 5CO2(g) + 6H20(!) 
The enthalpy cycle diagram is on the right. 
Calculatethe sum of the enthalpy change values, following the arrows 
from the reactants to the products, via the C(s) and H2(g) intermediates. 173 3x 6x 
If you are going against the direction of an arrow, reverse the sign of the (-394) (286) 
enthalpy change. This calculation is summarized below: 

AH® = (4173) + 5 x (—394) + 6 x (—286) = —3513 kj mol™ 

s) + 6Ha(g) 


Reactivity 1.2 Energy cycles in reactions 


Practice questions 


7. Calculate the enthalpy change of formation of propanone, 
CH3;COCH;(|), using enthalpy change of combustion data 


from section 14 of the data booklet. 

Use the summation of equations method and the 

enthalpy cycle diagram method to support your 

answer. 
8. Hydrogen gas can be made using the following 
reaction: 

CH,(g) + H2O(g) > 3H2(g) + CO(g) 

Section 13 of the data booklet lists the standard 

enthalpies of formation, AH,®, for some of the species 

in the reaction above. 

a. Outline why no value is listed for H,(g). 

b. Determine the value of AH®, ink} mol", for the 
reaction using the standard enthalpy change of 
formation values. 

c. Outline why the value of enthalpy change of 
this reaction calculated from bond enthalpies is 
less accurate. 


9. 
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Consider the following enthalpy cycle diagram: 


CH2=CH2(9) + H2(g) ——> CH3GHa(g) 


7 
+ $02(9) + 30219) 
Step 2 Step 3 


2C@(9) + 3H20(l) 


Calculate the standard enthalpy change, AH®, of 
step 2 using section 14.0f the data booklet. 
Determine the standard enthalpy change, AH®, 
ofstep 1. 

Suggest one reason whysthé calculated value of 
AH® using Hess's law in part b can be considered 
accurate and.one reason why it can be considered 
approximate. 


Method 


The standard enthalpy of combustion of propan-l-ol is 
—2021 kj mol”. In this task, you will compare’this value to 
those obtained with some of the methods described in 
this topic. 


Relevant skills 


e Too! 3: Use arithmetic and algebraic calculations to 
solve problems 


° Tool 3:,Caleulate and interpret percentage error 


¢ Inquiry 3: Compare the outcomesiofan investigation 
to the accepted scientific context 


e Inquiry 3: Identify,and discuss sources and impacts of 
systematic and random errors 


il: 


Determine the enthalpy of combustion of propan-l-ol 
by each of the following methods: 


a. 


b. 


C. 


Refer to average bond enthalpy values. 


Conducta calorimetry experiment. This could be 
real (as described in Reactivity 1.1), or simulated, if 
you have access to a suitable simulation software. 
Record the relevant measurement uncertainties 
and propagate them. 


Refer to standard enthalpies of formation. 


Determine the percentage error of each of the values 
obtained in methods a, b and c. 


Discuss and explain the differences between the 
standard enthalpy of combustion of propan-l-ol and 
each of your calculated values obtained by methods 
a, bandc. 
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Reactivity 1 What drives chemical reactions? 


Born-Haber cycles (Reactivity 1.2.5) 


Born-Haber cycles are another application of Hess's law. These cycles combine 
the enthalpy changes associated with several steps involved in the formation of 
an ionic compound. The steps in the cycle include ionization energy, enthalpy of 
atomization, electron affinity, lattice enthalpy, and enthalpy of formation. 


lonization energy, JE, is the standard enthalpy change that oceurs on the 
removal of one mole of electrons from one mole of atoms or positively charged 
ions in the gaseous state. For metal ions with multiple valence electrons, the first, 
second, and sometimes further ionization energies are, defined: 


IE,: Mig) > M*(g) + e7 IE>0O 
IE}: M*(g) = M?*(g) + e7 IE>0O 


The process of ionization is endothermic. Thevalues of first ionization energy can 
be found in section 9 of the data booklet. 


The enthalpy of atomization, AH jis the standard enthalpy change that occurs 


when one mole of gaseous atomsiof an element is formed This process is 
endothermic. For a solidsmonatomic species, thé value of AH® is equal to the 
enthalpy of sublimation: 


M(s) >:M(g) AHS O 


For a gaseous.diatomic species, AH&is equal to half of the bond enthalpy 
(section12 of the data booklet): 


x = xlo) e >o 


The electron affinity, EA, isthe’standard enthalpy change on the addition of one 
mole‘of electrons.to one mole of atoms in the gaseous state: 


X(g) + X16) EA <0 


Electroniaffinity of non-metals is typically negative, but there are exceptions, such 
as the electron affinity of helium or nitrogen. Values of first and second electron 
affinity can be found in section 9 of the data booklet. 


The lattice enthalpy, AH iice, is defined as the standard enthalpy change that 
Occurs when gaseous ions are formed from one mole of structural units of a solid 
ionic lattice: 


MX(s) > M*(g)+X(g) AH Brice > O 


The process is endothermic. Experimental values of lattice enthalpy at 298.15 K 
can be found in section 16 of the data booklet. 


Lattice enthalpies are often quoted as negative values that represent the 
exothermic formation of the solid lattice from gaseous ions. However, in DP 
chemistry, the lattice enthalpy always refers to the endothermic formation of 
gaseous ions from the solid lattice. 


Reactivity 1.2 Energy cycles in reactions 


We have already defined the standard enthalpy of formation, AH;°, ofa 
substance as the enthalpy change that occurs when one mole of a substance is 
formed under standard conditions from its constituent elements in their standard 
states. Standard enthalpy of formation of an ionic substance, such as NaCl(s), can 
be represented by a single equation: Coa 
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Na(s) + cko) — NaCl(s) AH, = —411k} mol" 


(ary) Self-management skills ‘ 


The correct use of subject-specific terminology is essential to your ability 
to demonstrate your knowledge and understanding of new concepts in 4 


chemistry. PR 4 
You will encounter several key terms in this section: lattice enthalpy, standard = 
enthalpy of formation, standard state, enthalpy of atomization, ionization 


energy and electron affinity. Make a glossary that has an entry for eacli 
detailing the following: Ce 


Term Symbol Definition 


Standard enthalpy change 
that occurs on the formation 


of gaseous ions from on -R 
mole ofa solid EN 


lattice 
enthalpy 


d b - 


Using the Born- Haber eycle ) 


The lattice enthalpy, eritRalpy of atomization, ionization heroy, electron affinity 
and enthalpy of formation can be combined to ¢onstruct a Born—-Haber cycle. A 
generalized Born- -Habèncycie i is shown in figure6, 


A Figure6 A generalized Born-Haber cycle 


Reactivity 1 What drives chemical reactions? 


The unknown value of enthalpy change for any step in a Born—Haber cycle can 

be determined by following the opposite pathway in the cycle. For example, if 
you know the values of enthalpy of atomization, ionization energies, electron 
affinities and lattice enthalpy, you can find the standard enthalpy of formation of 
an ionic compound. The enthalpy of formation is equal to the sum of the enthalpy 
changes for each of the other steps. Much like with the enthalpy cyelédiagrams 
you constructed before, you should reverse the sign of any enthalpyichanges 
where the pathway goes against the direction of the arrow in the cycles 


Worked example 5 


Determine the lattice enthalpy of potassium bromide using the Born=Haber 


cycle in figure 7. 
AH&(Br) | +112, khimotel 


Kg) WF a i | +e 


TEK) | +419 kj mof <5) + F BrO) 


bo ) + ‘ Bro(l) 


AHE(K Mt 89 kj mol 


SE, i AH? 
+ | Bral) eee KBr(s) 


A Figure 7 Born-Haber cycle to calculate the lattice enthalpy of potassium bromide 


EA (Br) | -325 kj mol! 


Solution 


The lattice enthalpy is the enthalpy change for the reaction KBr(s) > K*(g) + 
Br-(g). In figure 7, this step is shown from the bottom right of the cycle, to 
the middle right, labelled A Hiace”. To find the lattice enthalpy, follow the 
alternative pathway, going from KBr(s) clockwise around to K*(g) + Br(g). 
Add the values of the enthalpy change for each step: 


A Battie? (KBr) = —AH,° + AH,,°(K) + IEK) + AH,°(Br) + EA(Br) 
= —(—392) + (+89) + (+419) + (+112) + (-325) 
= +687 kJ mol 


Note that you followed the reverse of the enthalpy of formation reaction 

arrow, so the sign was reversed: +392 instead of —-392. Remember to express 
your answer for the lattice enthalpy of an ionic compound as a positive value, 
because it isan endothermic process. 
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Reactivity 1.2 Energy cycles in reactions 


Practice question Factors affecting the value of 


i lattice enthalpy are detailed in 
10. Interpret and utilize the values from the Born-Haber cycle in figure 8 to ae 21 Ry 
calculate the enthalpy of formation for the ionic compound magnesium cil 


oxide, MgO. MgO has doubly y ions. Gy 
‘Mg?*(g), + Me) + LO Jee + 2e- Cx 


-] 
AHȘ(O) | +249 kj mol- EA (O) | -141 kj mol! 


(Moo) oj + (4029 | + 26° 


‘Mg2*(g ) + [e 


IE (Mg) | +1451 kj mol! 


m m - EA (O) A 


| Mo*(g +  3Od(g i+ Ga 
IEq\(Mg == Jmol! | Mg#(g As; + A 
+ |30 9) ie) 
| 2 O2lg J 
Fa 3791 w 
amfa kj m 
Tea N 
gls) | + |Z M 

A Figure 8 Born=Haber Ja” -Q a ormation 


for magnesium cs 


Figure 9 TI & cture of crystalline magnesium oxide: grey = Mg**, red = O> 


ing,question 


What are the factors that influence the strength of lattice enthalpy in an ionic 
compound? (Structure 2.1) 
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Reactivity 1 What drives chemical reactions? 


End of topic questions 


Topic review 


1. Using your knowledge from the Reactivity 1.2 topic, 
answer the guiding question as fully as possible: 


How does application of the law of conservation 
of energy help us to predict energy changes during 
reactions? 


Exam-style questions 


Multiple-choice questions 


2. Which equation represents the N-H bond enthalpy 
in NH3? 


A N 


a(9) > N(g) + 3H(9) 


Hag) > iNo) +H(g) 


] 3 
39) > a N2(9) + 5mo) 


3(g) > °NH2(9) + *H(g) 


a d 
3 
C N 


D N 


3. Bond enthalpies can be used to calculate the enthalpy 
change of the following reaction, in k] mola 


N2(9) + 3H2(g) = 2NHAQ) 


Referring to section 12 of thedata booklet, deduce 
which of the following represents,the calculation of the 
enthalpy change of reaction from bond enthalpies. 

A (6x391) - [(3 x 436) +945] 

B (3 x391) - (4364945) 

C -[(3 x 436)+ 945] + (3 x 391) 

D -~(@x 391) #[(3 x 436) + 945] 


4. Which equation,represents lattice enthalpy? 
NaCl(g) Na*(g) + Gilg) 
Na@l(s) > Na*(g) Cl") 
(s) > Na*(aq) + Clsfaq) 
(s) -eNa*(s) #@I (s) 


eA > 
x 
o 
a) 


| 
| 


5, 


enthalpy 


Using the Born—Haber cycle below, determinewhich = 


calculation represents the lattice enthalpy of strontium [Rs 
chloride, SrCly, in k} mol. 


Sr2+(g) + 2Cl(g) 


698 


Sr2#(g) # 2GI-(g) 


Sr(g)¢ 2CI(9) 


lattice enthalpy 
Sr(g) + Clo(g) 


Sr(s) + Cla(g) 


=(—829) + 164 + 242 + 549 + 1064 — (—698) 
—829 + 164 + 242 + 549 + 1064 — 698 
—(—829) + 164 + 242 + 549 + 1064 — 698 
—829 + 164 + 242 + 549 + 1064 — (—698) 


UO 8F > 


Reactivity 1.2 Energy cycles in reactions 


Al 


Ean 6. The Born-Haber cycle for potassium oxide, K2O, is 


shown below: 


2K+ (g) + O2-(g) 


+612 kj mol! 


2K* (g) + 2e- + O(g) 


+838 kj mol! 
2K (g) + Olg) lattice 
enthalpy 
+428 kj mol! 
] 
2K(s) + 202g) __ 
+361 kj mol-! 
K20(s) 


Which calculation represents the lattice enthalpy 
in kjmol™!? 

A —361 + 428 + 838 + 612 

—(—361) + 428 + 838 + 612 

—361 + 428 + 838 — 612 

—(—361) + 428 + 838 — 612 


is) (©) ‘es 


Extended-response questions 


7. The following equation describes the industrial 
production of ammonia using the Haber process. 


N2(9) + 3H2(g) = 2NH3(g) 
Calculate the enthalpy change of reactionfor 
this process using bond enthalpy. data. [3] 


State and explain whether. the reaction is 
exothermic or endothermic. [2] 


Ammonia reacts withoxygen to form nitrogen and 
steam. 


Write a balanced chemical equation forthis 
reaction, showing the states of all species. [1] 


Draw full structural formulas for all reactants and 
produets to determine the nature of the covalent 
bonds present. [4] 
Using bond enthalpy valuesfrom section 12 of the 
data booklet, determine the enthalpy change for 
this reaction. [3] 


Octane, Gg, isa component of liquid gasoline. When 
gasoline’is burned as fel, octane is combusted in 
oxygen via,the following reaction: 


25 

GgH ell) + Peo > 8CO-(9) + 9H,O(g) 
Using bond enthalpy data, calculate the enthalpy 
change for this reaction. [3] 


The enthalpy change for this reaction was 
determined experimentally to be —5470kjJ mol”. 
Give two reasons why the enthalpy change value 
you obtained from bond enthalpy data differs from 
the experimental value. [2] 


CEMA RE] Energy from fuels 


What are the challenges of using chemical energy to address our energy needs? es S 


When we burn fossil fuels, chemical energy is converted 
into thermal energy. Thermal energy can be used to 
generate electrical energy to power devices in our homes 
and in industry. The use of fossil fuels is being increasingly 
questioned as advances in science and technology reveal 
the damage that their use is having on our planet. In recent 
years, the cost of alternative renewable energy sources has 


decreased and renewable energy technology has advanced. 


The challenges of using chemical energy, from non 
renewable, carbon-based fuels, suchas dde, oil, natural 
gas and coal, which provide 80% offour energy, are 
clearly understood by the s¢ient ic community. Many AM 
industrialized nations depend on the use of fossil fuels to 
sustain their fast-developing economies. This isa Ìmajo ~ 
problem that has to bef overcome ‘if the use of reneWiable, 


clean sources to meet, our global energy needs isto | 


exceed thg usé of fossil fuels. a te | 4 
This, coupled with scientific evidence of the rate of change in > ay, f ya Y 
global warming, has increased the urgency for governments a = : 
to commit to net-zero carbon emissions by 2050. ( 


Understandings 


Is are produced from the 
n over a short period of time 


Reactivity 1.3.1—Reactive metals, non-metals and o 
compounds undergo combustion reactions wh 


eate 
in oxygen. a 


Reactivity 1.3.2—Incomplete combustion)of or 


Reactivity 1.3.3—Fossil fuels incl 
and natural gas, which 
disadvantages. 


a Crhbustion (Reactivity 1.3.1 and 
(Reactivity 1.3.2) 


In combustion reactions, substances are burned in oxygen. Metals, non-metals 
and hydrocarbons all react with oxygen when combusted, producing different 
products. 


Combustion of metals 


The combustion of reactive metals in the presence of oxygen results in the 
oxidation of the metal, the reduction of oxygen, and the formation of an 

ionic compound. This type of reaction is therefore known as a redox reaction. 
Oxidation can be defined as a gain of oxygen ora loss of electrons. Reduction is 
defined as a loss of oxygen or a gain of electrons. 


The general equation for the reaction of a metal with oxygen is as follows: 


metal + oxygen > metal oxide 


424 


Lithium burns in oxygen to release heat and produce lithium oxide: 
ALi(s) + Ox(g) > 2Li,0(s) 


Magnesium readily reacts with oxygen, producing a brilliant white light and 
magnesium oxide: 


2Mg(s) + O2(g) + 2MgO\s) 


In both of these reactions, the reactive metals are being oxidized to form metal 
ions. The half-equations for each of these metals reveal the loss of electrons: 


Li > Lit + e7 
Mg > Mg™ + 2e7 
The oxygen atoms are reduced to form O7- ions in each reaction: 


O, + 4e- > 20% 


Combustion of non-metals 


Non-metals are also oxidized when combusted in oxygen, forming non-metal 
oxides: 


non-metal + oxygen > non-metal oxide 


Sulfur, a non-metal, can be found as impurities, in fossil fuels, such as coal 
and crude oil. Coal may contain up to 3% of sulfur. The combustion, of sulfur- 


containing compounds in oxygen predominantly produces sulfur dioxide; SO: 


S(s) + O2(g) > SO,(g) 


Sulfur dioxide can then further react withhoxygen in the atmosphere to produce 


sulfur trioxide: 
2SO,(g) + O.(g) = 2S0;(g) 

Sulfur trioxide reactswith water in the atmosphere, to form sulfuric acid: 
SO3(g) + HsO(!) > H2SO,(aq) 


In industry, sulfur dioxide is produced in vast quantities as feedstock for the 
synthesis. of sulfurie acid. The majority of the sulfuric acid is then used in the 
productionof fertilizers, along with paper, paints, textiles and a wide variety of 
other products. 


Complete combustion of organic compounds 


Hydrocarbons are organie compounds composed only of carbon and 
hydrogen atoms, Alkaneés are the simplest hydrocarbons, which are present 

in fossil fuels, Such as crude oil and natural gas. They are relatively inert. This is 
because they have a low bond polarity, strong covalent carbon-carbon bonds 
(bond enthalpy = 346 kj mol-') and strong carbon-hydrogen bonds (bond 
enthalpy $414 kj mol-'). However, alkanes do participate in some reactions, 
including combustion. 


Reactivity 1.3 Energy from fuels 


ld 
Most metal oxidesAre,i 
compounds. Rules for ing 
ionic compound out! i 
\Sirctre 2h. KY 
ss 


Research the applications of 
sulfur dioxide, and evaluate 

the environmental impact 

of its industrial production. 
Research other non-metal oxides 
and their applications and 
environmental impacts. 
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Reactivity 1 What drives chemical reactions? 


A Figure Liquefied petroleum gas 
contains liquid propane, and is used as a 
fuel for gas barbecues 


The chemical equation for the 
combustion of alkanes shows the 
general formula of the homologous 
series of alkanes: C,Han42. 
Homologous series of organic 
compounds were introduced in 
Structure 3.2. 


Alkanes are commonly used as fuels, releasing large amounts of energy in 
combustion reactions. For combustion to occur, a fuel must be volatile. Volatility 
is the tendency of a substance to change state from liquid to gas. As the length of 
the carbon chain increases in the alkane series, the boiling point also increases, 
and therefore volatility decreases. As a result, short-chain alkanes tend to be.used 
as fuels. Liquefied petroleum gas (LPG) consists predominantly of compressed 
propane, C3Hg, while petrol (gasoline) is a mixture of hydrocarbons from butane, 
CyH jo, to dodecane, C,H. 


Alkanes undergo complete combustion in the presence.of excessioxygen. This 
reaction is exothermic, and it produces carbon dioxide and\water. The general 
equation for the complete combustion of alkanes is shown below: 


alkane + oxygen > carbon dioxide + Water 
3n+] 


CpHon42 + Oz > MCO; + (n + 1)H2O 

In this, and following combustion,reactions,,the states of all speciesdepend 
on the reaction conditions. For example, at high temperatures, water can be 
produced as steam, HO(g),while at lower temperatures it will;condense into 
liquid, H,O(1). 


Petrol, also known asigasoline;is a mixture of hydrocarbons obtained from oil, 
with octane present in the highest proportion. The reaction for the combustion of 
octane is shown below: 


CHili 0,9) — 8C0,(g)+ 9HS0()) AHE = —5470k|mol" 


Up until the late 18thycentury, combustion was explained in terms of the 
phlogiston theory. A’substance known as “phlogiston” was thought to 

be present inall combustible materials. Burning was believed to release 
phlogiston into the air. The combustion of carbon would lead to a mass 

loss, which was interpreted as the loss of phlogiston. The fact that some 
substances, such as metals, gain mass when combusted was a puzzling 
observation — further hypotheses were developed to justify it. Examination 
of the mass losses and gains when different elements burnt in air, along with 
the discovery of oxygen, led to the falsification of the phlogiston theory. It was 
superseded by the theory of combustion that you have learnt about and that 
explains combustion in terms of oxidation. 


The phlogiston theory may seem unreasonable or even peculiar to someone 
who knows what we know now. If we consider the knowledge base at the 
time, however, phlogiston was not an implausible concept. Scientific claims, 
hypotheses or theories can be falsified. This can lead to the development of 
new theories, which must then be corroborated by experimental evidence 
in order to eventually become accepted (although theories can never be 
proven with certainty). Scientists must remain open-minded with respect to 
new evidence. 

Think of a claim, hypothesis or theory you have encountered in your study 
of science. What type of evidence could challenge it? How much evidence 
would be needed to falsify it? 


Reactivity 1.3 Energy from fuels 


Alcohols are another class of organic compounds. They have a wide range 
of applications, such as fuels, solvents and antiseptics. Like alkanes, alcohols 
undergo complete combustion reactions releasing carbon dioxide and water. 


The general equation for the complete combustion of alcohols is shown below: 
alcohol + oxygen > carbon dioxide + water 
Cp Han OH + 2o, > nCO; + (n + 1)H20O 


Ethanol is used in medicine for its antiseptic properties. It is also used as a fuel for 
vehicle engines. It is known as a biofuel because it can be produced by plants, a 
renewable resource, as opposed to fossil fuels, the supply of which is finite. The 
reaction for the complete combustion of ethanol is shown below: 


CoHsOH(!) + 30,(g) > 2CO-(9) + 3H-O() AH. = -1367 kj mol” 


This reaction is strongly exothermic. The use of ethanol as a renewable biofuel 
is increasing. The scientific community is working to resolve the problems 
associated with the production of biofuels, such as the high cost of production, 
the impact of using farmland on food supply, and the lower amountiof energy 
produced per unit mass or volume of the fuel. 


Carbon dioxide has a significant environmentahimpact, as it contributes to 
global warming. This is the major reason why governments around the world 
promote clean energy, and legislate fonlimiting the production of new gars 
that use fossil fuels. Ethanol is seen'as a more environmentally friendly fuel, as 
it comes from a renewable source. 


How can the scientific community, industry and governments work together 
to reduce the use of fossil fuels? Who has the greatest responsibility to reduce 
our fossil fuel use? 


i 


Practice questions 


]. Deducebalanced equations for the;complete combustion of: 
A Figure 2 Ethanol-fuelled public 


a. methane i : 
transport is becoming more common 


b. propane as governments look for ways to reduce 
c. pentane reliance on fossil fuels 
d. hexane 


2. Deduce balanced equations for the complete combustion of: 
a. propanol 
b.y pentanol 
c. »heptano! 
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Reactivity 1 What drives chemical reactions? 


> Figure 3 The carbon monoxide 
molecule irreversibly binds to the large 
hemoglobin molecule 


tice questions’ 


3. à Deduce balancedequations for 
the incomplete combustion of 
the following alcohols, where 
carbon-monoxide is one of the 
produets: 


a. propanol 
b. pentanol 
c. heptanol 
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Incomplete combustion of organic compounds 


If there is a limited supply of a species participating in a chemical reaction, this 
species is known as the limiting reactant. Combustion reactions usually occur 
in a system where atmospheric air and oxygen are in excess, so the limiting 
reactant is the organic compound (fuel). However, when this is not the case, 
such as ina car engine, oxygen becomes the limiting reactant, which.causes 
incomplete combustion of the fuel. 


In the incomplete combustion of hydrocarbons, carbon monoxide,,-CO(g), 
and/or elemental carbon, C(s), can be produced. Garbonimonoxide is a 
poisonous gas that irreversibly binds to hemoglobin in the red’blood cells, 
reducing the oxygen-carrying capacity of the blood (figure 3). Elementalcarbon 
produced in incomplete combustion reactions is often réferred to as soot. 


carbon monoxide ae 
J 
al 


WD 


The general equation for the incomplete combustion of an alkane to form carbon 
monoxide is as follows: 


i 
‘i 
/ 


alkane + oxygen > carbon monoxide + water 
2n+] 


Conte + Oz > nCO + (n + 1)H,O 


The general equation for the incomplete combustion of an alkane to form carbon 
(soot) is as follows: 


alkane + oxygen > carbon + water 


Cp Hon+2 +t, > nC+(n+1)H,O 


The incomplete combustion reactions of methane are shown below: 


CHAg) + 20,0) = CO(g) + 2H,01") 


GC 49) T O-(9) > C(s) + 2H,O(!) 


These incomplete combustion reactions can occur simultaneously with complete 
combustion reactions in different ratios. Incomplete combustion reactions are 
less exothermic than the corresponding complete combustion reactions. 


Incomplete combustion can be observed in the laboratory, with the appearance 
of black soot on the bottom of glassware that has been heated over a Bunsen or 
spirit burner flame. 


Fossil fuels (Reactivity 1.3.3) 


Fossil fuels include crude oil, coal and natural gas. Crude oil, or petroleum, 
is a non-renewable resource, and its use as a fuel is deeply embedded in 
the global society. Crude oil is a natural mixture of hydrocarbons, organic 
compounds containing nitrogen, sulfur and oxygen, and a wide variety of 
other elements. 


Coal, petroleum and natural gas are the main fuels used to generate electricity 
in power stations and the internal combustion engines of cars. As the global 
demand for energy increases, so does the consumption of fossil fuels. Globally, 
governments are making plans and legislating to limit the consumption of fossil 
fuels and promote the use of renewable energy. However, the transition to clean 
energy will take many decades. 


One consequence of the use of fossil fuels is the release of large quantities of 
carbon dioxide, a product of the combustion reaction, into the atmosphere. 
Carbon dioxide is a greenhouse gas, which means that it traps heat energy 
inside the Earth's atmosphere. This is known as the greenhouse effect(figure 4). 


Reactivity 1.3 Energy from fuels 


G Linking questions 


Why is high activation energy often 
considered to be a useful property 
ofa fuel? (Reactivity 22) 

Which species are the 

oxidizing and réducing agents 

in a combustionreaction? 
(Reactivity 3.2) 

What mightbe observed when 

a fuel such as methane is burned 
ina limited supply of oxygen? 
(Inquiry 2) 

How does limiting the supply of 
oxygen in combustion affect the 
products and increase health risks? 
(Reactivity 2.1) 


Av Figure 4 Greenhouse gasesreduce the amount of heat radiated into space 


Nitrogen, Nz, andvoxygen, O2, make up over 99% of atmospheric air. Neither 
nitrogen or oxygen have the ability to absorb infrared radiation that enters 
the Earth's atmosphere from the Sun. By comparison, carbon dioxide, 

CO% constitutes,approximately 0.04% of the atmosphere. Despite the 
smalhproportion of carbon dioxide, the increase in the concentration of this 
greenhouse gas is causing significant damage to our environment. A carbon 
dioxide molecule can absorb infrared radiation resulting in the vibration of bonds 
within the molecule. After absorbing the infrared radiation and undergoing 
vibration, the molecule will emit infrared radiation back into the atmosphere. 
Some of this radiation will be directed towards the Earth's surface, which will 
increase the global temperature. 


The IR activity of carbon dioxide is 
discussed in Structure 3.2. 
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Reactivity 1 What drives chemical reactions? 


> Figure 5 Annual mean atmospheric CO2 
levels recorded at Mauna Loa Observatory 
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Other greenhouse gases include methane, nitrous oxide, water vapour and 
fluorinated substances such as hydrofluorocarbons. 


Asa result of the greenhouse effect, average temperatures around the world are 
increasing, which is known as global warming. There is widespread agreement 
in the scientific community that the main cause of global warming is the increase 
in the levels of greenhouse gases: in particular, carbon dioxide (figure.5),andto a 
lesser extent, methane. 
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The combustion of different fuels releases different.quantities of greenhouse 
gases (figure 6): 


E average emissions 
intensity 

I range between 
studies 


greenhouse gas emissions/tonnes CO% per GWh 
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gas electric 


A Figure 6 Greenhouse gas emissions by energy source 


Figure 7 shows the historic patterns of atmospheric carbon dioxide concentration 
during the last three glacial cycles, constructed by the analysis of ice-core 
samples. The current CO, levels are much higher than historical peaks, 
suggesting that human-made emissions are largely responsible for the additional 
quantities of carbon dioxide in the atmosphere. 
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A Figure 7 Historic CO; levels during the last three glacial cycles, as reconstructed from ice cores 


TOK 


One of the optional themes in TOK isknowledge 
and indigenous societies. Theiglobal population 
of indigenous people is estimated.to be over 
450 million, living allover the world. Indigenous 
communities have a long-standing relationship 
with, and a highly developed understanding 

of, the natural environment and biodiversity. 
Many are particularlyvulnerable to the adverse 
effects of climate change, despite'the fact'that 
their contribution to greenhouse gas emissions 

is exceptionally low. International organizations 
such as the United Nations (UN) have not only 
called for awareness and action’to protect 
indigenous peoples, but also recognized that 
their participation in decision-making processes is 
of value to all: “indigenous peoples’ knowledge 
should be considered an important element within 
the intérnational’debate regarding adaptation to 
climate change”. 


A Figure 8 Participants at the United Nations Permanent Forum for 
Indigenous Issues 


What values and assumptions underpin the use of the term “indigenous” knowledge? 
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Reactivity 1 What drives chemical reactions? 


Many different sources of fuels are used in everyday life. The choice of fuels 
depends on the economic development of nations and the natural resources 
available. Each fuel has a different specific energy: the amount of heat energy 
released per mass of the fuel. Wood, a traditional means of generating energy for 
cooking and heating, has the lowest specific energy of all common fuel 
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Ô 
Practice questions A Fi te 


4. Propane gas C3Hg is a 
hydrocarbon that is classified as 
a fossil fuel. 
a. 


gasoline 


pe! j 
e e hydrocarbon. Larger hydrocarbons have a reduced volatility 
to stronger London (dispersion) forces (LDFs). This affects the way the 


. hy rbon molecules interact with the oxygen molecules and the type of 
bustion that occurs. 


n G Linking questions 


Why do larger hydrocarbons have a greater tendency to undergo incomplete 
combustion? (Structure 3.2) 


Gal) Why is carbon dioxide described as a greenhouse gas? 
Ba (Structure 3.2) 
ane gas. Identify some 


of the environmental issues What are some of the environmental, economic, ethical and 
caused by the release of this social implications of burning fossil fuels? (Reactivity 3.2) 
greenhouse gas that was 

previously locked within 

the Earth. 


The concepts in this topic are directly and indirectly 
related to air pollution, including carbon monoxide 
(released during the incomplete combustion of 
hydrocarbons), NO,and SO, (released in the combustion 
of substances containing nitrogen and sulfur, which is 
also discussed in Structure 3.1) and greenhouse gases 
(methane, carbon dioxide and CFCs). In this task you will 
explore a factor affecting the environmental impact of an 
atmospheric pollutant of your choice. 


Relevant skills 


e Tool 2: Identify and extract data from databases 

e Inquiry 1: Develop investigations that involve 

databases 

e Inquiry 1: Justify the range and quantity of 

measurements 

e = Inquiry 2: Carry out relevant and accurate data 

processing 

e — Inquiry 2: Assess reliability and validity 

e Inquiry 3: Relate the outcomes of an investigation to 

he stated research question 

e Inquiry 3: Discuss the impact of uncertainties‘On the 

conclusions 

e Inquiry 3: Evaluate the implications of methodological 
weaknesses, limitations and assumptionson 
conclusions 


Method 


1]. Access an air quality database online. Possible 

sources include: 

e World Health Organization's air pollution data 
portal 

e = World Air Quality Index project 

e _ Air pollutiondata shared by the European 
Environment Agency 

* »/Younlocal ministry of the environment 


Biofuels (Reactivity 1.3.4) 


2 


We 


12. 


Reactivity 1.3 Energy from fuels 


Browse the database, carry out some background 
research, and select one or two pollutants to focus on. 


Decide how much data to collect and the range of 
data required to address your aim. 


Formulate a focused research question that includes 
the variables, methodology and rangeyof data. 


Collect data in a well-organized. table, including/the 
data sources. 


Estimate the uncertainty ofthe data, stating clearly 
how you have done so and any assumptions you have 
made, 


Transformyour data by processing and.graphing. 
Include an explanation of how you have processed 
the data, 


Discuss and interpret the processed data and their 
uncertainties. 


Assess the Walidity and reliability of the outcome of 
your investigation. 


. Evaluate the outcome of your investigation: how 


confident are you in your conclusion? 


Evaluate the methodology: discuss the strengths and 
limitations of the data, assumptions and analysis. 


Outline possible extensions to your investigation. Try 
to relate one of these proposed extensions to another 
diploma subject, or TOK. 


With the global population continuing to increase at approximately 1% per 
year, our understanding of how to efficiently use our finite resources is of vital 
importance. Alternatively, renewable energy resources can be used instead 

of fossil fuels.“Sustainable energy is a UN initiative, with the goal of doubling 

the share of renewable energy contributed to global energy production by 
2030. The cost of renewable energy has decreased over the decades, and now 
represents viable option for governments, businesses and individuals. 


Renewable energy resources include those that depend on the heat or motion of 
the Earth (geothermal, wind, and tidal power) or the Sun’s radiation (solar power 
and biomass). Non-renewable energy technology generally uses fossil fuels, such 


as coal and natural gas, which are finite in their supply. 
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Reactivity 1 What drives chemical reactions? 


Biofuels are renewable resources, produced from organic compounds, which 

in turn are generated from carbon dioxide during biological processes. The 
production of organic compounds from carbon dioxide is known as biological 
carbon fixation. For example, green plants use photosynthesis to absorb 
carbon dioxide from the atmosphere and transform it into glucose, which can, be 
converted into ethanol, a biofuel, by fermentation. 


In the process of photosynthesis, radiant energy in the form of sunlight is 
converted by plants into chemical energy. Plants contain chlorophyll molecules, 
which are capable of absorbing light energy. This light energy is used for 
photosynthesis, a complex series of reactions that results in the conversion of 
carbon dioxide and water into glucose, CgH),2O¢, and/oxygen: 


6COg) + 6H:O(I) > CgHi2O¢(aq) + 60,(g) 


Glucose stores chemical energy in its bonds. Photosynthesis isan example of 
biological fixation of carbon. 


S 
Clean, renewable energy has become a global priority, as there is a growing 
acceptance that theyplanetis,undergoing rapid climate change leading 
to global warming „more frequent extreme@weather events, and often 
irreversible changesimhabitats. Theability of scientists to effectively harness 
energy andhminimize the use of non-renewable energy sources in industry is of 
paramount importance today. 

Scientists arerdeveloping new types.of catalysts that absorb light energy and 
transferthis energy to'chemical reactions. 


A Figure 10 Alight-powered catalyst at the Massachusetts Institute of Technology, USA 


What would be the benefits of utilizing light energy to promote chemical 
reactions, in the same way as plants using sunlight in the process of 
photosynthesis? 


The fermentation of glucose produces ethanol, C,HsOH, a biofuel: 
CgH,20¢(aq) > 2C;Hs;OH(aq) + 2CO,(g) 


Carbon dioxide, a greenhouse gas, is also produced in the fermentation process. 
However, this is offset by the absorption of a greater amount of carbon dioxide in 
the process of photosynthesis. 


The industrial production of biofuels in many countries has economic and 
environmental implications. Brazil has undertaken large-scale production of 
ethanol from sugarcane for decades. An increased demand for renewable 
biofuels has both advantages and disadvantages (table 1). 


Advantages | Disadvantages 


Renewable resource Use of agricultural land, water 
resources, fertilizers and pesticides for 


growing crops 


—| 


Reduced greenhouse emissions Diversion of food production to the 


production of biofuels 


onocultures can result,in a reduction 
of biodiversity 


Sustainable resource 


Possible deforestation as the demand 
or biofuelsincreases 


Wide range of plant materials and waste 
can be used for biofuel production 


Economic security with a reduced High cost.of production 
dependence on imported oil supplies | 


A Table 1 Advantages and disadvantages of the usé of biofuels 


Reactivity 1.3 Energy from fuels 


Jay i alicia 


a. 


Write the balanced 
chemical equation forthe 
fermentation of glucose. 
Explain whyethanol-based 
uels areisaid tohave a 
lowencarbon footprint than 
petroleum-based fuels, even 
hough they both release 
similar amounts of carbon 
dioxide upon combustion. 
Present the arguments 

or both the advantages 
and disadvantages of 

the production and use 

of biofuels, if you were 
asked to address a United 
Nations Climate Change 
conference. 


In this task, you will résearch.information about biofuel.from a variety of sources, 
and evaluate the quality of the information. 


Relevant skills 
e — Inquiry 1:;Gonsult a variety of sources 


Method 

1. Consulta variety ofsources related to biofuels. Try 2, 
to cover at leastthree different types of sources, for 
example: 


e Governmentor international organization website 

e> Academic journal article 

e Secondary data from a database or publicly 
available data set 

e Newspaper or newspaper article 

e Textbook 

e Video 

* Online image search 


Each of your sources will provide information about 
biofuels. Summarize this information. 


3. Construct a table assessing the following aspects of 
each source you have chosen: citation, source type, 
accuracy, bias, credibility, relevance, advantages, and 
disadvantages. 
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Reactivity 1 What drives chemical reactions? 


Data summarizing the global biofuel production are given in figure 11. 
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A Figure + Biofuel production by world region (a) in terawatt-hours (b) as a percentage of total production. 
(Source of data: Statistical Review of World Energy, BP, 2021) 

Describe three conclusions that can be drawn from the graphs in figure 11. 

Formulate two questions, stemming from the information in the graphs in figure 11. 


The two graphs were produced from the same data, but they represent these data in slightly different ways. 
Compare and contrast the purpose of the two graphs. 


Fuel cells (Reactivity 1.3.5) 


In Reactivity 3.2, you will learn that a primary (voltaic) cell is an electroc 
cell that converts chemical energy from spontaneous redox reactions in 
energy. These reactions are mostly irreversible, and the cells of this type 
used for low-current applications, such as hand torches, long-life fire ala 
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hemical 

o electrical 
are mainly 
rms, 


calculators and wall clocks. However, primary cells often contain materials that are 


toxic to humans and the environment if they are not disposed of proper! 


y. Primary 


cells typically contain zinc metal, manganese dioxide and potassium hydroxide. 


In a secondary cell, the chemical reactions are reversible, so the batte 


ry can be 


recharged. Therefore, secondary cells are more environmentally friendly than 
primary cells. The lead-acid battery is a type of rechargeable battery, found in the 
majority of gasoline-powered vehicles. Electric vehicles are powered by lithium- 
ion batteries, another type of secondary cell. 


While secondary cells have advantages over traditional primary cells, there are 
still problems associated with these types of batteries, such as overheating, 
limited lifespan and environmental concerns in terms of their disposal: 


A fuel cell is used to convert chemical energy of a fuel directly intovelectrical 
energy. The first fuel cell was invented in 1838 by Welsh scientist, William 
Groves. The difference between a fuel cell and a voltaic cell is that inva fuel cell, 
the fuel is continuously supplied from an external source, whereas a voltaic cell 
contains finite amounts of reactants locked within the cell. Therefore, a fuel cell 
can produce electricity indefinitely, while a voltaic cellistops working when all 
reactants within the cell are consumed. 


Hydrogen fuel cell 


electric current 


The hydrogen fuel cell is an electrochemicalicell that uses hydrogen 
and oxygen gases as fuel. The redox reaction between hydrogen and 
oxygen produces water, electricityand heat. 


The following steps occur ima hydrogen fuel cell: 


=> 


t 


1. The proton exchange membrane (PEM) selectively allows 
hydrogen ions to diffuse between'the cathode and anode but 
prevents the@\passagé of other ions, molecules and electrons 
between these electrodes. 


H 
hydrogen gas is oxidized atthe anode on the surface of a 2 


platinum-based catalyst The half-equation for the reaction at the 
anode is as follows: 


Ý 


db 
H unused 
air, water, 


and heat 


excess 


H 2H*(aq) +2 
ig) > Rg 17e fuel out 


The electrons cannot move through the PEM, and therefore 
have to leave the cell through an external circuit, producing the 
electrical output of the cell. 


H 


<= 


7 


anode cathode 


The protons formed at the anode move across the PEM to the PEM and electrolyte 


cathode, where they combine with the oxygen gas and electrons. 
Oxygen gas is reduced to form water as a waste product. The 
half-equation for the reaction at the cathode is as follows: 


A Figure 12 The main components of a 
commercial hydrogen cell include an 
electrolyte, a proton exchange membrane 


O.(g) + 4e> + 4H*(aq) > 2H20(1) (PEM) and the electrodes 
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Reactivity 1 What drives chemical reactions? 


The overall redox reaction is: 
2H2(9) + O.(g) > 2H20(1) 


Hydrogen fuel cells are considered to be a clean energy source becaus ir 
only product is water. However, hydrogen gas, H2(g), is not abundant o 

Earth and needs to be produced by the following methods, one of Which 
environmental implications. 


1. Electrolysis of water gv, 
The electrolysis of water is the process of using y lit water into 
oxygen and hydrogen gas. This is the reverse f the reaction that occurs 
in a hydrogen fuel cell. 

2H,O\l) > 2H2(g) + O.(g) 


The electrolysis of water can be po db wable ener y such as 
solar energy. This environmental frie source of hy el y makes up 


a small proportion of the glob ; 


production of toxic carbon 
n for the steam reforming 


oxide then reacts with steam to form the greenhouse gas carbon 


Alternatives to fossil fuels, ranging from hydrogen fuel cells to biofuels, have 
arisen from extensive experimentation by numerous scientists over time. 
Creativity and imagination play a role in experimental design, interpretation 
and conclusions. Once considered an electrochemical curiosity, fuel cells are 
now seen as a promising source of renewable energy. 


Direct-methanol fuel cell 


In a direct-methanol fuel cell (DMFC), the source of the hydrogen ions, H*, 

is methanol rather than hydrogen gas. Methanol is a liquid fuel that can be 
produced from renewable resources through fermentation. Methanol is cleaner 
than hydrogen because the method of its production has less impact on the 
environment in terms of formation of greenhouse gases. Methanol also has a far 
greater energy density (energy per unit volume) than hydrogen gas. 


DMFCs use the electrochemical reactions below: 


anode half-equation: CH3OH(aq) + HO (!) + CO.(g) + 6H*(aq) + 6e7 
cathode halfequation: 30,9) + 6H*(aq) + 6e- > 3HO() 
overall reaction: CH3OH(aq) +30.lg)= CO,(g) + 2H20(!) 


The electrochemical reaction produces carbon dioxide, a greenhouse gas. 

The reaction at the anode requires a catalyst that contains expensive precious 
metals, usually ruthenium and palladium. Another disadvantage is the toxicity of 
methanol. 


Methanol can also be used to supply hydrogen gas for hydrogen fuel cells. 
Steam reforming of methanol at 250°C produces CO(g) and H,(g), along with a 
small amount of CO(9). 


A distinct advantage of DMFCs is their high energy density (figure 14). The slope 
of the graph gives the energy per unit volume, showing that the methanol fuel 
cell has amuch higher energy density than the lithium-ion battery. 
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A Figure 14 Comparison of the energy.density for the lithium-ion battery and the 
direct-methanol fuel cell 


Practice questions 


6. a. Outline the differences between a primary and secondary cell. 
Whatare the advantages a hydrogen fuel cell has over the traditional 
lead-acid battery. 

c. \Identifyand explain the function of the feature of a hydrogen fuel cell 
thatinvolves the passage of ions. 
d. \Adirect methanol fuel cell (DMFC) converts chemical energy to 
electrical energy. 
i. Deduce the anode and cathode half equations and the overall 
chemical equation for this electrochemical cell. 
ii. Outline one advantage and one disadvantage of the methanol cell 
(DMFC) compared to a hydrogen fuel cell. 


Reactivity 1.3 Energy from fuels 


A Figure 13 Aportable direct-methanol 
fuel cell (DMFC), which can besed to 
power laptops and video cameras 
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Reactivity 1 What drives chemical reactions? 


When comparing fuels, the energy density (energy released per unit volume) 
and specific energy (energy released per unit mass) can give quite different 


pictures (table 2). 
Fuel source Energy density Specific energy 
/ MJ dm-3 / M] kg" 
compressed hydrogen 1.9 120 
methanol 16 20 
liquefied natural gas 21 50 
liquid propane 27 46 
gasoline 32 46 


A Table2 Comparing fuels in terms of energy density and specific energy 


The specific energy of hydrogên is more than double that of any other fuel in 
table 2. In hydrogen, H2, 2.02;g contains 1 mol of fuel, compared with 32.05 g 
for 1 mol of methanol, GH3OH, erapproximately 110g for 1 mol of gasoline. 
Therefore, it could be-easy to believe that hydrogen is the best fuel choice. 


However, fuelsneed to be stored and transported. The molar volume of a gas 
at room temperature and 1 atm pressure isapproximately 24dm?. One mole 

of gaseous hydrogen under these conditions would require a 24 dm storage 
tank, whichhadds to the weight if the device is to be portable, such as ina car. 
One mole of methanol would occupy 40.4cm?, and the same 24 dm? storage 
tank.could hold over 545mol of methanol fuel. Even when compressed, the 
hydrogén gas occupies a much larger volume, and regulators and compressors 
further increase theweight of the storage system. Gasoline offers the highest 
energy density but hasyassociated environmental problems. 


@ Communication skills 


‘The general public needs to have a good understanding of certain scientific 
„issues in order to make informed choices. This presents scientists with 
| ‘the challenge of accurately conveying complex information and specific 
~ terminology in a succinct and accessible way. For example, this chapter 
contains information about fuels that is communicated in different types 
of tables, diagrams, charts and graphs. What are the advantages and 
disadvantages of different data communication methods? 
Design an infographic to communicate the science behind an issue of your 


= — choice to a particular audience (also of your choice). Possible issues related 
2 Linking question to this chapter include renewable energy, biofuels, fuel cells and incomplete 
` combustion. Possible audiences include younger pupils at your school, your 

What are the main differences family or your local community. You may even wish to discuss this with your 
between afuel cell and a primary creativity, activity, service (CAS) coordinator. Depending on the nature of the 

(voltaic) cell? (Reactivity 3.2) issue and the audience, this task could be connected to a CAS experience. 


Reactivity 1.3 Energy from fuels 


End of topic questions 


Topic review 


]. Using your knowledge from the Reactivity 1.3 topic, 
answer the guiding question as fully as possible: 


What are the challenges of using chemical energy to 
address our energy needs? 


Exam-style questions 
Multiple-choice questions 


2. Which of the following statements is false? 


A. The complete combustion of a hydrocarbon forms 
carbon dioxide and water. 


B. All combustion reactions are endothermic reactions. 


C. The incomplete combustion of hydrocarbons and 
alcohols form the same products. 


D. Complete combustion reactions require an excess 
of oxygen gas as a reactant. 


3. Which equation(s) represent the incomplete 
combustion of methane? 


|. CH,(g) + 20,(g) > C@2(g)4 2H20(g) 
ll. CHa(g) + 1%0.(g)> CO@)t 24,0() 
Ill. CHa(g) + O2(g) > Clsh+ 2H,0(Q) 

A. |, land Ill C. Illonly 


B. Iland III only. D.  Il'only 


Extended-response questions 
4. a. ~Write the’chemical equation for the incomplete 
combustion of methane. 0] 


b. Explain how one of the produets of incomplete 
combustion‘ean lead to inereased health risks. [2] 


c. Calculate the enthalpy change for the incomplete 
combustion of methane, in k] mol, using the bond 


enthalpy data given below. [2] 
Bond Average bond enthalpy 
kj mol” 
v 414 
lo 463 
| O=O0 498 
|_c=o 1077 


5. Ethanol is a biofuel that can be mixed with gasoline. 


a. Write the equation for the completecombustion 
of ethanol. m] 
b. Outline the evidence that relates globalwarming to 
increasing concentrationsjof greenhouse gases in 
the atmosphere. [3] 
c. Explain, including a suitableeĝuation, why’biofuels 
are considered to bé carbon neutral. [2] 


6. A hydrogen fuelfcell uses pure hydrogen gas as the fuel 


and a proton’exchange membrane asthe electrolyte. A 
diagram_of the hydrogen fuel cellisshownmbelow. 


electri¢ current 


=> 
fuelin A air in 
=> t c| q= 
TEN g E, 
Si- 
| H+ 
H2 <= 
O2 
ni => unused 
access => air, water, 
fuel out H20 anel neei 
=> 
<= —> 
7 
anode cathode 
PEM and electrolyte 


a. Suggest an advantage of the hydrogen fuel cell 
over the lead-acid battery for use in cars. [1] 


b. Outline one advantage and one disadvantage 
of the methanol cell (DMFC) compared with a 
hydrogen fuel cell. [2] 


Even though fuel cells, primary cells and rechargeable 
cells have similar fundamental characteristics, there are 
important differences between them. 
a. Suggest one common feature that fuel cells, 
primary cells and rechargeable cells share. 1] 
b. Outline the difference between primary and 
rechargeable cells. [1] 
c. Identify one factor that affects the voltage of a cell 
and a different factor that affects the current it 
can deliver. [2] 
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EELDAS Entropy and spontaneity 
(AHL) 


> O) ba 
What determines the direction of chemical change? O 


Systems that are approaching equilibrium, or that are 1. The enthalpy change (whether the reactions 

in equilibrium, are common. Understanding the nature exothermic or endothermic) 

of chemical equilibrium enables chemists to control the 2. The entropy change (whetherthe reaction increases or 
direction and rate of chemical change, maximizing the decreases the disorder of the)system). f 

yield of chemical reactions and minimizing the formation Understanding these features allows chemists to predict 
of waste and by-products. There are two key features how temperature and other factors, such asthe states6f 
of a chemical reaction that determine the direction of reactants and products, affect the directionof a particular 
chemical change for a given set of conditions: chemical change) : f yy 


Understandings 


Reactivity 1.4.1—Entropy, S, is a measure of the dispersa 
The more ways the energy can be distributed, the hig 


Entrépy, S'(Reactivity 1.4.1) 


Chemists neéd to understand the conditions under which chemical reactions 
will proceed, so that they can modify and control chemical systems to achieve 
é desired outcomes. A reaction is said to be spontaneous when it moves 
Chemi Nar is achieve 4 _/ towards either completion or equilibrium under a given set of conditions, 
when.the ard and backwa | without external intervention. This intervention may be in the form of a change 
reactions in a reversib ’ in temperature, pressure or concentration of a reactant. Reactions that are 
a 


exothermic. Reactions that do not take place under a given set of conditions are 


SE , i spontaneous can occur at different rates and may be either endothermic or 
ilein Reactivi : 
( j ~~ i said to be non-spontaneous. 


Exothermic reactions are usually spontaneous, but there are many exceptions to 
this rule. To better understand the spontaneity of chemical changes, we need to 
examine a number of different aspects of a chemical reaction. 


Entropy, S, is a measure ofthe dispersal or distribution ofthe total available 
energy or matter in a system. If energy and matter are localized in one place 
within a chemical system, the entropy of the system is low. Conversely, if energy 
and matter are randomly distributed throughout a system, the entropy of the 
system is high. Entropy is often said to be a measure of the disorder of a system. 


Reactivity 1.4 Entropy and spontaneity (AHL) 
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Entropy is difficult to conceptualize, so it is popularly defined in terms 

of disorder or randomness. However, this is generally considered an 
oversimplification that could lead to misconceptions. Have you come across 
the notion of entropy-as-disorder? Have you found it useful? To what extent 
do the benefits of an explanation that is not entirely correct outweigh its 
shortcomings? 

Entropy can be defined thermodynamically in terms of dispersal of matter 
and energy (as it is done in DP chemistry). An alternative statistical definition 
of entropy looks at the number of possible ways, known as microstates, in 
which molecular energy can be distributed. The relationship between entropy 
and the number of microstates was proposed by Austrian physicist Ludwig 
Boltzmann, and the formula describing this relationship is written on his 
tombstone in Vienna, Austria (figure 1). 

The two perspectives of entropy, thermodynamic and statistical, are 
complementary. 


A Figure] Ludwig Boltzmann's 


Spontaneous reactions lead to an increase in the total entropy of the system and tombstone, with the equation 
its surroundings. If you understand the freedom of movement of particles in a S.= klog W. Sis entropy, and W 
system, you can quantify the total entropy change during a reaction. This allows is the number of microstates. 
you to predict the direction of that reaction. Do you know what k is? 


Entropy and physical changes 


Imagine the condensation that appears on the outside of a glass;Containing iced 
water on a hot day (figure 2). There is a temperature difference between the 
system (iced water and the glass) and,the surroundings (everything outside the 
system). This temperature difference results in thermal energy being transferred 
from the surrounding atmosphere to the glass and its conténts, until an 
equilibrium is reached. With this thermal energy transfer, the entropy of the water/ 
ice mixture will increase, While the entropy of the surroundings will decrease. 


When a substance changes state from solid to liquid, or from liquid to gas, 
energy is absorbed by the particles of that substance. Therefore, the kinetic 
energy of the particlesincreases. This increased kinetic energy gives the particles 
more freedom of movement and more waysof distributing the energy. Therefore, 
the entropy ofa gas is greater than that ofa liquid, which in turn is greater than 
that of a solid, under the same conditions (figure 3). For example, in figure 2, the 
condensed water (liquid state) on the surface of the glass is lower in entropy than 
the waterVapour (gaseous state).in the atmosphere. 


A Figure 2 Changes in entropy are 
associated with every chemical and 
physical process 


A Figure 3 Entropy increases from the solid phase to the liquid phase, and from the liquid 
phase to the gaseous phase 


Reactivity 1 What drives chemical reactions? 


The total entropy change that occurs during a reaction is the sum of the entropy 
changes of the reaction system and the surroundings: 


A Sroa = AS yite F AS surroundings 


The second law of thermodynamics says that chemical reactions are 
spontaneous if they result in an overall increase in the total entropy value. 
When the total entropy remains constant, the system is at equilibri 
total entropy change is found to be negative, we say that the 
spontaneous. In this case, the spontaneous reaction wo 
opposite direction to the way in which it was written 
the forward reaction has a negative entropy c 
positive entropy change. 


ceed inthe 
eversible reaction, if 
reaction h 


Entropy change Spontaneity of reaction 


spontanec 
AS > O spontaneo 


A Tablel A x of thermodyna 
i 


theories, can be used to make predictions, but, unlike 
ve explanatory power. In this chapter, you are learning 
law of thermodynamics. Think of another law that you have 
g a N chemistry. What predictions can you make from it? 


Ne predictions about whether you expect a chemical reaction to 


ha ositive or negative entropy change based on the degree of disorder in 
products and the reactants. Begin by examining the states of matter of all 
actants and products—remember that entropy increases from a solid to a liquid 
toagas. The coefficients used to balance the equation must also be considered 
when predicting changes in entropy. 


cientific laws, li 


Reactivity 1.4 Entropy and spontaneity (AHL) 


Worked example 1 


Predict whether the following reactions will have a positive or negative 
entropy change, AS. 


a. NH,Cl(s) + NH3(g) + HCI(g) 
b. 2C,H¢(g) + 702(g) > 4CO.(g) + 6H2O(!) 
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Solution 


a. In this decomposition reaction, 1 mol of solid ammonium chloride 
changes into 1 mol of ammonia gas and 1 mol of hydrogen chloride gas. 
e A change in state from a solid to a gas indicates an increase in the 
entropy of the system. 
e The coefficients balancing the equation indicate an increase in 
disorder, with 1 mol of solid changing into 2 mol of gases. 


This reaction will therefore have a positive entropy change, as there is an 
increase in the disorder of the system. 


b. In this combustion reaction, 2mol of ethane and 7 mol of oxygef»are 


converted into 4 mol of carbon dioxide and 6 mol of water. 

e A change in state from gas to liquid indicates a decrease in the = y . 5 
entropy of the system. ~Practice questions 

e The total number of moles of products (10) is greater than that of the 1. Predict and explain whether the 
reactants (9). However, the number of moles of gaseous products following reactions will have 
(4) is lower than that of the gaseous reactants (9). Since gases have a positive or negative entropy 
much higher entropy values than liquids or solids, we camignore change, AS. 
condensed phases and pay attention onlyjto gases. The decrease.in a. NH,NOs(s) > N,O(g) + 
the number of moles of gases,/from 10,to' 4, means that the overall 2H,O\(I) 
order of the system increases. b. N2(g) + 3H2(9) > 2NH(9) 

This reaction will therefore have a negative entropy.change, as there is a c. N,O(g) > 2NO,(g) 


decrease in the disorder of the system. d. CaCO,(s) + CaO(s) + CO,(g) 


Calculating entropy.changes 


Entropy is a state function, so a change imentropy across a reaction can be 
determined) by the difference between the final entropy and the initial entropy 

of the reacting.species. Therefore, the standard entropy change, AS®, of a 
system canbe calculated from standard entropy values, S®, of the reactants and 
the products. 


AS® = ¥'S°(products) — }'S°(reactants) 


The © symbol indicates standard conditions. Standard entropy values of some 
substances are givenimsection 13 of the data booklet. The units for standard 
entropy’valuesiare | K- mol~™'. 


Reactivity 1 What drives chemical reactions? 


When performing entropy change calculations, the following points need to be 
considered: 


e Remember that values for entropy are specific for different states of matter, for 
example, S®(H,0(g)) = 189) K- mol"! while S®(H,O(!)) = 70) K- mol. 


e The coefficients used to balance the equation must be appliedito standard 
entropy values when calculating the entropy change for a reaction. 


e Examine the chemical reaction and predict whether you expect the reaction 
to have a positive or negative entropy change,.based on the degree of 
disorder in the products and reactants. Thisorediction can-be used to check 
your final calculation. 


Worked example 2 
Calculate the standard entropy change for the following reactions FAA | S° / JK- mol” 
using the standard entropy values given in the table. 
a. H9) + Cla(g) > 2HCI(g) Aan) ed 
b. Ha(g) +1029) > H20() aa 2 8 
2 O,(g) 205 
i ae Ate ( HCI(g) Noe) 304 
e E g NOJO) 240 
Solution NH,Cl(s) | 95 
a. AS® = Y'S°products) — }}S°(reactants) NH;(g) 193 
=[2S°(HCI(g))] — [S®(H2(9)) + S°(CI-(0)] ( HCI(g) 187 
= (2 x 187) — (131 + 223) 1,011) 70 
=+20)K-"'mol! 
The entropy change is smalland positive, indicating a small increase in disorder. 
The value is small because there is no change in the number of moles of gas from 
reactants to products. 
] 
b. As?=[S°(H,0\(\))] — [S*(H{g)) + 5S°(O,(9)) 
= (70) — (81 203) 
= —164J Kkmol" 
The large negative entropy change associated with this reaction indicates a large 
decrease in disorder (greater order), with 1.5 mol of gases changing into 1 mol of 
adiquid. 
rar [25°(NO,(g))} = [SP(N2@.(g))] 
= (2 x 240) — (304) 
= +176) K7 mol 
Thissreaction has a large positive entropy change that reflects an increase in disorder, 
from lymol of gas on the reactant side to 2 mol of gases on the product side. 
d. AS®=[S°(NH.(g)) + S°(HCI(g))] — [S°(NH.Cl(s))] 


# (193 + 187) — (95) 
= +285]K-mol” 


Transforming 1 mol ofa solid into 2 mol of gases results in a large increase in disorder, 
hence the large positive entropy change. 


Reactivity 1.4 Entropy and spontaneity (AHL) 


Practice questions 

2. Which reaction causes the greatest increase in entropy of the system? 
A. HCI(g) + NH3(g) > NH.Cl(s) 
B. (NHa)sCrsO,(s) + CrzO3(s) + No(g) + 4H0(g) 
C. CaCO;(s) > CaO(s) + CO,(g) 
D. (g)> lls) 

3. Which is correct for the reaction H,O(g) > H2O(l) ? 
A. Enthalpy increases and entropy increases. 
B. Enthalpy decreases and entropy increases. 
C. Enthalpy increases and entropy decreases. 
D. Enthalpy decreases and entropy decreases. 


4. Determine the standard entropy change, in J K~'mol"', for the 
decomposition of dinitrogen monoxide: 


NsO(g) > Na(g) +406) 


Substance | S°/\K- mol" GF Linking question 
~ 
N,O(g) 220 Why, is the entropy of a perfect 
N,(g) 192 | crystal at O K predicted to be zero? 
O-(9) 205 l (Structure 1.1) 


Gibbs energy (Reactivity 4.2 and 
Reactivity 1.4.3) 


An increase in heat energy (enthalpy) within a reaction system will result in 
increased movement ofparticles, leading to greater disorder and an increase in 
the entropy of the system. Therefore, you need torconsidenthe effects that both 
changes in enthalpy and entropy have onsthe spontaneity of a chemical reaction: 


* Exothermic reactions are more likely to be'spontaneous, as this leads toa 
decrease. imenthalpy,; and therefore greater stability of the reaction products. 


e Anincrease in entropy makes reactions more likely to be spontaneous, as 
greater disorder leads to amore random distribution of energy within the 
system. 


However, reactions that are spontaneous, and therefore thermodynamically 
favourable, can sometimes be kinetically unfavourable due to their high 
activation energies. 


The impact that the enthalpy change ofa reaction has on the entropy of the 
surroundings depends on the conditions existing in the system. Imagine if heat 
energyis transferred into two separate systems, one at low temperature and one 
at high temperature, such as a block of ice at 0°C and a bowl of water at 60 °C. 
Will the transfer of the same amount of energy into each system have the same 
effect? The ice will begin to melt as the kinetic energy of the water molecules 
increases, resulting in a significant change in entropy. However, the hot water 
already has significant disorder compared to the ice, so the additional energy will 
have a much less marked effect on the system entropy. 
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Reactivity 1 What drives chemical reactions? 


The combination of enthalpy, entropy and temperature of the system can be used 
to define a new state function called Gibbs energy, G. The change in Gibbs 
energy, AG, is the maximum amount of energy that can be obtained from a 
system. The change in Gibbs energy, AG, is related to the change in enthalpy, 
AH, the change in entropy, AS, and the absolute temperature of the system,T, 
according to the following equation: 


AG® = AH® — TAS? 


The units of change in Gibbs energy are k|} mol"'. AG takes into account the direct 
entropy change of the system resulting from the transformation of the chemicals 
and the indirect entropy change of the surroundings resulting from the transfer of 
heat energy. 


At constant pressure, a reaction is spontaneous if the change in Gibbs energy has 
a negative value (AG® < 0). Therefore, ifíwe know the enthalpy. change, entropy 
change and temperature, we can determine whether a reaction is spontaneous 
under standard conditions. This issummarized in table 2. 


Spontaneity 


positive (> 0): endothermic 


positive (> 0): more disorder 


negative (<0) at high T 
positive (> 0) at low T 


spontaneous only at high 
temperatures when TAS® > AH® 


positive (> 0): endothermic 


negative (< 0): more order \| always positive(>0) 


non-spontaneous at any 
temperature 


negative (< 0): exothermic 


positive (> 0): more disorder | always negative (< O) 


spontaneous at any temperature 


negative (< O): exothermic 


negative (</O)more Order 


negative (< O)/at low T 
positive(> O)at high T 


spontaneous only at low 
temperatures when TAS® > AH® 


A Table 2 Factors affecting AG and the spontaneity of a reaction 


It is not possible to predict whether every chemical reaction is spontaneous. 
Exothermic reactions with an increase in disorder will always be spontaneous, 
with AGS <0; Similarly, endothermic reactions with a decrease in disorder will 
always benon-spontaneous, with AG® > O. The spontaneity of other reactions 
depends on the temperature of the system: if TAS® > AH®, the value of AG® will 
be negative, while at TAS® < AH® the value of AG® will be positive. 


Calculating the change in Gibbs energy for a reaction 


To determine the spontaneity of a reaction under standard conditions, we need to 
calculate the change in Gibbs energy for the reaction under the same conditions 
using AG® = AH® — TAS®. We can calculate AH® and AS® for the reaction using 
the thermodynamic data given in the data booklet. 


Worked example 3 


An equation for the combustion of propane is given 
below. 


C3Hs(g) + 502(9) > 3CO2(g) + 4H,0(g) 


a. Determine the standard enthalpy change, AH®, in 
kJ mol-", for this reaction, using the bond enthalpy 
data in section 11 of the data booklet. 

b Calculate the standard enthalpy change, AH®, 
in k} mol-', for this reaction using the enthalpy of 
formation data in section 12 of the data booklet. 

Solution 

a. Inthe reactants, there are eight C-H bonds, two C-C 


bonds and five O=O bonds. In the products, there 
are six C=O bonds and eight O-H bonds. Therefore, 
the enthalpy change for the reaction is as follows: 


AH® = } (BE of bonds broken) — }'(BE of bonds 
formed) 


=[8BE(C-H) + 2BE(C-C) + 5BE(O=O)] 
—[6BE(C=O) + 8BE(O-H)] 


= [(8 x 414) + (2 x 346) + (5& 498)] 
— [(6 x 804) + (8 x 463)] 


= 6494 — 8528 
= —2034 kj mol’ 


This reaction is exothermic: 


b. Use the equation: 


AH® = 9\(AH® products) — )\(AH;® reactants) 


=B AHPC) + 4AH,°((40@))] 
—[AH,2(C3H,)] 


=[(3 x (—394)) + (4 x (~242))] — [-105] 


=—2150 + 105 


= —2045 kj mol- 
Alternatively, use the summation of equations method 
or the enthalpy cycle diagrams method. 
The change in entropy value for this reaction should 
be positive (AS? > O) because there is an increase in 
thenumber of moles of gaseous species from 6 mol 
to 7 moh: 


Reactivity 1.4 Entropy and spontaneity (AHL) 


Predict, giving a reason, whether the entropy 
change, AS®, for this reaction is negative or positive. 
Calculate AS® for the reaction in JK- mol7, using 
the standard entropy values in section’2 of the data 
booklet. The standard entropy for oxygenigas is 
205} K" mol". 

Calculate the standard Gibbsenergy change, 

AG®, in kj mol", for the reaction at 5°C, using your 
answers to (b) and((d). 


AS® = Y'S%products) — }}S°(reactants) 


= [3S°(CO,(g)) + AS2(H,O(g))] 
=1S°(C3Hs(g)) + 5S°(O-(g))] 


=[(3 x 214) + (4x 189)] 
—[(270)+(5 x 205)] 


= 13981295 
= +103)K mol" 


First,,convert temperature from °C into K: 


T=54 2738.15=278.15K 

Then, convert the entropy value into kJ K-! mol"! from 

Kmol"! by dividing by 1000: 

+103 | K'mol! 
1000 

Finally, substitute the values obtained into the 

equation for change in Gibbs energy: 


AS? = = +0.103 kj K~! mol=! 


AG® = AH® — TAS? 


= —2045k) mol-! — (278.15K x 
0.103 kJ K-! mo!"!) 


= —2074 kj mol"! 


The negative value for the Gibbs energy change 
indicates that the reaction is spontaneous. You can 
predict this by looking at table 2 earlier in the topic: 
the negative value for enthalpy change and the 
positive value for entropy change suggest that the 
reaction will be spontaneous at any temperature. 
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Reactivity 1 What drives chemical reactions? 


You can practise calculating AH® 
from bond enthalpy data and 
enthalpy of formation data using 
the material in Reactivity 1.2. 


Practice questions 
5. Ethane-1,2-diol, HOCH ,CH2OH, reacts with thionyl chloride, SOCI», 
according to the equation below. 


HOCH,CH,OH(|) + 2SOCI,(I) + CICH,CH,Cl(!) + 2SO.(g) + 2AE) 


a. Calculate the standard enthalpy change for this reaction using the 
following enthalpy of formation data. 


) pElICH2CH,CI(I) | SO2(g) | HCl(g) 


SRCE HOCH2CH2OH(|) | SOCIa( 


—453 —246 -165 AT SR 


b. Calculate the standard entropy change for this reaction using the 
following data. 


HOCH,CH;OR() [SOCI | CIGH,CH.CI—) | 50-0) | HCI(g) 
se/ 


167 279 209 248 | 187 


JK mol 


c. The standard Gibbs energy change) AG®, for the above reaction is 
—103 kj molmbat 298 K. 


Suggest why AG® has a larg@;negative value considering the sign of 
AH? in part (a) 


In ateaction where the change in’enthalpy AH® is positive (endothermic) and the 
change in entropy AS® is also positive (more disorder), the value of Gibbs energy 
change can be either, positive or negative. The spontaneity of this type of reaction 
is therefore dependent 6n the temperature of the system: 


e . Athigh temperature, TAS® > AH® and AG® is negative (spontaneous reaction) 


e „/Aùlow temperature, TAS® < AH® and AG® is positive (non-spontaneous 
reaction) 


This means that the temperature at which AG® = O is the temperature above 
which the reaction becomes spontaneous. 


O= AH® — TAS? 


Rearranging the equation in terms of T gives: 


This expression can be used to determine the temperature above which an 
endothermic reaction with positive entropy change becomes spontaneous. 


Worked example 4 


Hydrogen gas can be produced industrially by the reaction of natural gas 
with steam. The standard enthalpy change and entropy change of the 
reaction are given. 


CH,(g) + H2O(9) > 3H2(9) + CO(g) AH® = 205k} mol" 
AS® = 216] KE mol"! 
a. Calculate the standard Gibbs energy change, AG®, in kj mol-', for the 
reaction at 298 K. 


b. Determine the temperature, in K, above which the reaction becomes 
spontaneous. 
Solution 
a AGOS INAS TASS 
= 205 kJ mol” — (298 K x 0.216 kJ K mol") 
= +141kjmol"! 
The positive value for the change in Gibbs energy indicates that the! 
reaction is non-spontaneous at 298 K. This can be predicted given the 
positive value of enthalpy change (endothermic) and the lowemperature. 
b. Make the assumption that the value for Gibbs energy is O, and solve for T. 
0 = AH®— TAS® 


0 = 205- (Tx 0.216) 
_ 205 


~ 0.216 
= 949K 


The reaction becomes spontaneousvat a temperature greater than 949K. 


Practice questions 
6. An equation for the hydrogenation of etheneiis.given below. 


C2H.(g) +, Hag) > CaHe(g) 


a. Determinethe standard enthalpy change, AH®, in kj mol", for this 
reaction, using section 12 of thedata booklet. 


b. Calculate the standard enthalpy change, AH® value, in kj mol-', for this 
reaction using section 13 of the data booklet. 


c. Predict, giving a reason, whether the standard entropy change, AS®, 
for this reaction is negative or positive. 


d. Calculatethe AS@ value, in] K-'mol-", for the reaction, using 
section 13.of thé data booklet. The standard entropy for 
hydrogen gas is 131) K-'mol-!. 


e. « Calculate the standard Gibbs energy change, AG®, in kj mol", for the 
reaction at 150°C, using your answers to (b) and (d). Use section 1 of 
the data booklet. 


Reactivity 1.4 Entropy and spontaneity (AHL) 
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Reactivity 1 What drives chemical reactions? 


@ Thinking skills 


The chemistry guide states: “AG takes into account the direct entropy change 
resulting from the transformation of the chemicals and the indirect entropy 
change of the surroundings resulting from the transfer of heat energy.” 
Explain, as fully as you can, how the reaction described below illustrates this 
statement. 


The reaction between solid ammonium chloride and hydrated barium 
hydroxide is endothermic: 


2NH,Cl(s) + Ba(OH)2* 8H2O(s) > 2NH;(g) + BaGl.(aq) + 10H20(!) AH? SO 


When the two white solid reactants are mixed together, the mixture quickly 
turns into a slush and becomes so cold that it can easily freeze a few drops of 
water placed between the reaction flaskand the block of wood underneath 
(figure 4). 


A Figure 4 The reaction between barium hydroxide and ammonium chloride is 
endothermic 


G Linking question 


How can electrochemical data also be used to predict the spontaneity of a 
reaction? (Reactivity 3.2) 


In this skills task, you will investigate the effect of 
temperature on the spontaneity of a process where a 
polymer dissolves in water. 


Relevant skills 

e — Inquiry 1: Formulate hypotheses 

e Inquiry 2: Interpret qualitative and quantitative data 

e Inquiry 3: Relate the outcomes of an investigation to 
the stated research question or hypothesis 

Poly(N-isopropylacrylamide) (PNIPAM) is a polymer that 

dissolves in water, producing a clear solution. On heating, 

PNIPAM precipitates out, causing the solution to become 

cloudy (figure 5). 


AG = AH — TAS 
is negative 


A Figure 5 PNIPAM (represented by the black lines)\forms 
hydrogen bonds with water and dissolves, This isshown on 
the left. Ata certain temperature, PNIPAM no\longer forms 
hydrogen bonds and makes an insoluble precipitate. This is 
shown on the right 


The reason for this temperature-dependent change is 
explained using AG@= AH = TAS. The polymer dissolves 
due to the formation of hydrogen bonds between 
water.and the’amido groups located along the polymer 
chain. This dissolution process is‘exothermic and it 

has anegative.entropy change because@of the regular 
arrangement.of water molecules it requires. The process is 
therefore favourable in terms of enthalpy and unfavourable 
in terms of entropy. At high temperatures, the entropy 
term, TAS, exceeds,the enthalpy term, AH, making AG 
positive, so the dissolution becomes non-spontaneous. 


Bergbreitet, Mijalis and Fi (2012) explored the effect of 
varying,concentrations of LiCl and LiBr on the temperature at 
which,dissolution of PNIPAM becomes non-spontaneous. 
They slowly heated a PNIPAM solution and monitored the 


Reactivity 1.4 Entropy and spontaneity (AHL) 
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temperature, T, at which it went cloudy. The results are 
shown in table 3. 


Solution composition | TLG 


PNIPAM in 0.3 mol dm™ LiCl € 29.5 
PNIPAM in 0.5 moldm™ LiCl 27.1 
PNIPAM in 0.3 moldm® LiBr 31.5 
PNIPAM in 0.5 mol dm biBr } 30g 
PNIPAM in water 82.5 


A Table3 The effect of varying LiCl and LiBr concentration on 
the temperature at which dissolution becomes non-spontaneous 
for PNIPAM ‘solutions (Source of data: D. E. Bergbreiter, A. J. 
Mijalis, andìH. Fu, JsChem. Educ., 89 (5), pp. 675-677, 2012) 


Questions 
1. Statethe signs of AH and AS for the dissolution of 
PNIPAM. 


2.° Explain in your own words why the dissolution of 
PNIPAIWis spontaneous at low temperatures, but 
non-spontaneous at high temperatures. 


3. Identify some ofthe control variables needed for the 
experiment used to gather the data in table 3. 


4» The'results in table 3 can be used to derive conclusions 
about how two different factors affect the temperature 
at which dissolution becomes non-spontaneous, T: 
e the presence or absence of an aqueous ionic 

compound 

e the concentration of an aqueous ionic compound. 
Choose one of the two factors to focus on. 
a. Identify which of the results in table 3 allow you to 


explore this relationship. 


b. With reference to the results you have identified, 
describe how the factor you chose affects T. 


c. Using your knowledge of ion-dipole interactions, 
entropy and Gibbs energy, construct a hypothesis 
of the effect of your chosen factor on T. 


d. Discuss the extent to which the data in table 3 is 
sufficient to construct your hypothesis. 


e. Give examples of further experiments that could 
be carried out to explore your hypothesis. 
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Reactivity 1 What drives chemical reactions? 


The concentration of 
products is greater than that 
Q >K [at equilibrium, so the reverse 
reaction is favoured until the 
equilibrium is reached. 


The concentration of 
reactants is greater than that 
Q<K [at equilibrium, so the forward 
reaction is favoured until the 
equilibrium is reached. 


The system is at equilibrium, 
Q =K |sothe forward and reverse 
reactions occur at equal rates. 


A Table 4 The relationship between the 
reaction quotient, Q, and the equilibrium 
constant, K 
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AG and equilibrium (Reactivity 1.4.4) 


The ratio of concentration of products to reactants is called the reaction 
quotient, Q. 

_ concentration of products 

~ concentration of reactants 
Chemical equilibrium is achieved when the forward and backward reactions in 
a reversible reaction occur at the same rate. The equilibrium arrow, =, isused 
instead of the normal reaction arrow to show reversible reactions. The Haber 
process used to make ammonia is an example of areversible reaction. 


N2(9) + 3H2(g) = 2NH3(g) 


When a chemical system has reached equilibrium, the ratio of concentrations of 
products to concentrations of reactants isycalled the equilibrium.constant)K. 


You can compare the reaction quotient, Q, to the equilibrium constant, K, to 
determine the progress of the reaction as it moyes towards equilibrium and the 
direction (either forward or backwards) of the reaction that is favoured to establish 
equilibrium. This is described. instable 4. 


We have already established in this topic howthe change in Gibbs energy, AG, 
can describe the spontaneity and temperature dependence ofa reaction. When 
AG <0, reactions taking place at constant pressure are spontaneous. From 

the time a reaction begins, the Gibbs energy changes as the ratio of reactants 

to products changes. For reversible reactions, the minimum Gibbs energy is 
reached atithe point of equilibrium. At this minimum, AG = O. After this point, the 
Gibbs energyincreases (figure 6). 


+ G(reactants) 


AG 


G(products) 


Gibbs energy 


equilibrium 


] mol reactant O mol reactant 
O mol product 1 mol product 


A Figure 6 How the Gibbs energy changes as a reversible reaction proceeds 


Examine the shape of the curve and the ratio of reactants to products as the Gibbs 
energy changes. You will notice that in region A, the forward reaction is favoured, 
as the amounts of reactants decrease and the amounts of products increase. 

At the point of equilibrium (Q = K), the Gibbs energy reaches a minimum and 
then increases again. From this point onwards, the forward reaction becomes 
non-spontaneous (region B), as it is now associated with a positive Gibbs energy 
change. The reverse reaction in region B is therefore spontaneous until the Gibbs 
energy reaches a minimum in the same way as during the forward reaction. 


Relationship between AG, Q, Kand T 


Atany point during a reaction, the ratio of reactants to products is different. The 
reaction quotient, Q, gives you a snapshot of the ratio of reactants to products 
ata given point in the reaction pathway. If you know the standard Gibbs energy 
change for a reaction, AG®, and the temperature, T, you can determine the 
change in Gibbs energy for the position indicated by the reaction quotient, Q, 
using the following equation: 


AG = AG® + RT InQ 
where R, the gas constant = 8.31] K"! mol". 


In figure 6, you saw that in a reversible reaction at the point of equilibrium, 
AG =0. At the point of equilibrium, Q = K. We can substitute this information 
into the equation above to find the relationship between the standard Gibbs 
energy change, AG®, temperature, T, and the equilibrium constant, K: 


AG® = —RT InK 
You will find these expressions in sectional of the data booklet. 


If the equilibrium constant is the unknown value, you can rearrange the last 
expression in terms of K. 
-AG® 
K=e RT 


When the equilibrium constant K is determined for a reversible reaction, its value 
indicates whether theproduets or reactants are favoured at equilibrium. The 
Gibbs energy change for a given reaction is an indication of whether the forward 
or reverse reaction, is favoured. The relationship between the standard Gibbs 
energy change, AG®, and the equilibrium constant, K, is summarized in table 5. 


Equilibrium constant | Description Standard Gibbs 
| energy change 
K=1 neither reactants nor AG®=0 
products favoured 
K>l products favoured AG® <0 
K<1 reactants favoured AG®>0 


A TableS The values of K and AG® indicate whether products or reactants are favoured 
at equilibrium 
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Reactivity 1 What drives chemical reactions? 


Worked example 5 

The synthesis of ammonia is an important industrial b. Substitute the AG® value from (a), and the values of R 
process that provides feedstock for the production of and T, into AG? = —RT Ink. Remember that the units 
fertilizers, plastics, explosives and pharmaceuticals. of gas constant, R, include J, not kJ, so the AG value 


must be converted from k] to J. 
N2(g) + 3H2(g) = 2NH3(g) AH® = —92 kj mol"! oe 


AS® = —202) K-'mol"! AG® = —RTInK 
T= 298K -31800 Jmol” = —(8.31} K mol"! 4298 kK) InK 
a. Find the standard Gibbs energy change, AG®, for Rearrange in terms of K: 
the forward reaction and determine whether the 
reaction is spontaneous. InK= 231800 _ 
p Pre -(8.31 x 298) 
b. Determine the equilibrium constant, K, for the Ao 
reaction and state whether you expect the forward EISA 
reaction to be favourable. ise 
= by 
c. Ata given point during the reaction, the reaction = 3-7% 10 
quotient, Q, was 1 x 106. Determine the change This large positive’value of K tells us that the formation 
in Gibbs energy, AG, of the forward reaction at of ammoniaat room temperature is very favourable. 
this point, and comment on the spontaneity of the 
action. c. JAG = AGO + RT InQ 
p = —31800J mol! + (8.31) K-!mol-') x 298K 
Solution x In(1 x 109) 
a. AG® = AH? — TAS? = 2410)thol" 32.41 kjmol" 
= -1_ = =] 4] 
amol A SEO Oe ay AG is positive, sothe reaction is not spontaneous at 
= —31.8 kJ mol- this point in the reaction pathway. 
h Me . 
Practice tions 


7. Consider thereaction between nitrous oxide (N20) and oxygen in the 
formatiomof nitrogen dioxide (NO,). 


2N,0(g) + 30.(g) > 4NO,(g) 


a. Determine the value of AH®, in k] mol-", for the reaction using the 
values in the table. 


Substance 


AH / kj mol" 


b. Calculate the standard entropy change, AS®, in JK! mol"', for the 
reaction. 


Substance O,(g) 
Se / JK- mol" 205 


c. Calculate the standard Gibbs energy change, AG®, in k] mol~', for the 
reaction at 298 K using your answer to (a) and (b). 


d. Calculate the equilibrium constant at 298 K for the reaction. 
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In this task, you will explore the relationship between Method 


AG® and T for the following process: 


H,O(!) > H2O(9) 


Relevant skills 


Tool 2: Use spreadsheets to manipulate data 


Reactivity 1.4 Entropy and spontaneity (AHL) 
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Part 1: Calculation 


1. 


Tool 3: Use basic arithmetic and algebraic calculations 3. 


to solve problems 


Tool 3: Sketch graphs with labelled but unscaled 4. 
axes, to qualitatively describe trends 
Tool 3: Interpret features of graphs including gradient 


and intercepts 


Inquiry 2: Interpret diagrams, graphs and charts 


Predict and explain, with reference to the equation 


above, 


Predict 


he sign of AS®. 


he sign of AH®. Explain your reasoning. 


Deduce how the spontaneity of the reaction changes 
with temperature. 


With re 
calculat 


erence to section 13 in the data booklet, 
e AH®, AS® and AG® for the reaction at 


298 K. Show your working. 


Calcula 


e,the temperature at whichithe spontaneity of 


the reaction changes. 


The temperature Value you have just calculated 


Ccorresp' 


nds to the boiling point of water. Calculate 


the percentage error of yourvalue. 


Part 2: Graphing the relationship between AG® and: T 
7. Using a spreadsheet, compute the value of AG® at 
different temperatures. A suggested layout and formulas 


are shown in figure 7. 


Values: 
E5 a] x fx =$B$4—(D5*$B$5/1000) 
A B E 

1 | Reaction: 

2 | 

3 | Thermodynamic parameters: Data for graphical analysis: 
4|AH AG/kj mol 
5] AS 
6|AG 
7 @ 700 32.1 
8 200 20.2 
9 | 300 8.3 
10 ~ 400 -3.6 
m D 500 -15.5 
Formulas: 
Eg 3X fx =$B$4=(D5* $B$5/1000) 

iz 4 


Data for graphical analysis: 


AG/ kj mol- 


=$B$4-(D5*$B$5/1000) 
0 =$B$4—(D6* $B$5/1000) 
=D6+100 =$B$4-(D7* $B$5/1000) 
=D7+100 =$B$4—(D8* $B$5/1000) 
=D8+100 =$B$4-(D9* $B$5/1000) 
=D9+100 =$B$4~(D10*$B$5/1000) 
=D10+100 =$B$4-(D11*$B$5/1000) 


A Figure7 Apossible spreadsheet arrangement for this task. The values (top) were calculated using the formulas shown at the bottom. 
The sign $ in the formulas is an absolute cell reference. It tells the spreadsheet to retrieve the same value every time. Note that the input 
parameters in the yellow boxes are where you would enter the reaction being studied and the values calculated in step 4 above 
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Reactivity 1 What drives chemical reactions? 


Plot a graph of AG® vs. T. Include a line or curve of best fit, axis labels, units, minor gridlines and a title. 

With reference to the equation AG® = AH® — TAS®, identify the significance of the: 

e gradient 

e y-intercept 

e x-intercept 

10. Use your graph to approximate the temperature at which the process becomes spontaneous. How,does it compare 
to the value you calculated in step 5? 


11. Explain why the graph: 


e is linear 
e shows a negative relationship (has a negative gradient). 


Part 3: Further exploration 

12. Below are examples of reactions for each of the three other possible combinations,of AH® and ASS: 
e positive AH® and negative AS® (for example, formation of ethene, CH.(g), from graphite and diatomiehydrogen) 
e negative AH® and positive AS® (for example, transformation of diamond into graphite) 
e negative AH® and negative AS® (for example, formation of ammoniafrom diatomic nitrogeniand diatomic hydrogen). 


Using these examples or different reactions of your choice, search onlinedatabases for thermodynamic data that will 
allow you further explore the relationship between AG® and Zfor the three other possible combinations of AH® and 
AS®. You will need to repeat the steps in Parts 1 and 2 for eachyreaction. 


13. Sketch the four graphs on one pair of axes. 
14. Explain the differences in gradient and y-intercept between the four graphs you sketched above. 


(ar) Self-management skills 


This chapter, contains, concepts that involve different types of calculations. 
Make a listof thecommon mistakes, such as forgetting to convert J into k}, or 
°C intofK and notincluding negative signs. For each, consider: 

¢ »Whysmight someone make this mistake? 

# ‘How could they avoid it? 

Write three multiple-choice questions that specifically check for some of the 
common mistakes you have identified. Then, share your questions with a 
partner and quiz each other. 


G Linking question 


What is the likely composition of an equilibrium mixture when AG® is 
positive? (Reactivity 2.3) 


Reactivity 1.4 Entropy and spontaneity (AHL) 


End of topic questions 
Topic review 


iF 


Using your knowledge from the Reactivity 1.4 topic, 
answer the guiding question as fully as possible: 


What determines the direction of chemical change? 


Exam-style questions 
Multiple-choice questions 


2 


Which system has the most negative entropy change, 
AS, for the forward reaction? 


A. No(g) + 3H2(g) = 2NH3(g) 


B. CaCO,(s) > CaO(s) + CO,(g) 


C. 28,037-(aq) + llaq) > S,0¢2-(aq) + 2l-aq) 


D. H,O(I) + H2O(9) 


spontaneous reaction? 


. Which combinations of values will result in a 


AH® /kjmol | AS°/JK-'mol | T/K 


| -100 -100 300 
| +100 oo W200 
i +100 +100 1500 | 
A. landllonly C. Mandi only 
B. llandillonly Bafi ana Ill 


Which statement is correct? 


A. lf AH <0, the reaction is always spontaneous, 


B. If AH > O, the reaction is neverspontaneous. 


C lf AS < O the reaction can be spontaneous ifthe 


emperature is low enough. 


D“ IPAS <0, the reaction can be spontaneous if the 


emperatureiis highenough: 


Extended-responsequestions 


5, The hydrogenation offpropene produces propane. 
C3Helg) F H2l9) = C3Ha(g) 


a. Calculatethe standard entropy change, AS®°, 
for the hydrogenation of propene. 


Substance | ASe /JK~ mol" 


H2l9) +131 
C3He(g) +267 
C3 a(g) +270 


b. The standard enthalpy change, AH®, for the 
hydrogenation of propene is —124.4 kmol. 
Predict the temperature above which the 
hydrogenation reaction is non-spontaneous. [2] 
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6. A molecule of citric acid, CsHsO7, isshown: 
o OH 
© © 


HO OH 
O 


The equation for the first dissociation of citric acid in water is 
CO-a) HsO(!) = CsH7O7 (aq) + H3O*(aq) 

The value 6f K for this reversible reaction at 298 K 

So.O lx 1077. 


a. Calculate thé standard Gibbs energy change, 
AG®, in_kjmol“ for this reaction at 298 K, 
usingisection\] of the data booklet. p] 


b. Comment.on the spontaneity of the reaction 
at 298K. m] 


7. The reaction for the formation of liquid 
tetracarbonylnickel is shown below: 


Ni(s) + 4CO(g) = Ni(CO)a.(l) 
a. Calculate the standard entropy change, AS®, 
of the forward reaction, in] K-'mol-|, using the 


values given. [2] 
Ni(s) 3 
Cog) 198 
Ni(CO)a(I) 313 
b. Calculate the standard enthalpy change, AH®, 
of the forward reaction in kj mol-. fl] 


Substance | AH? /kJmol" 
Colg) -110.5 
| NICO) ro 


c. Use your answers to (a) and (b) to 
determine the temperature, in °C, below 
which the reaction becomes favourable. B] 


d. Ata given point in the forward reaction pathway, the 
reaction quotient, Q, is equal to 0.5. Calculate the 
Gibbs energy change, AG, atthis point and determine 
whether the reaction is spontaneous at this point. [2] 
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Reactivity 2 


RCEP AS How much? The amount of 
chemical change 


How are chemical equations used to calculate reacting ratios? 


Chemical equations contain essential information about the 
nature of chemical changes, the participating species, the 
states of these species and the proportions in which they are 
consumed or produced. In chemical changes, atoms can be 
combined or rearranged, but never created or destroyed. 
So, the total number of atoms of each type remains constant 
when reactants are transformed into products. Asa result, 

all species participating in a chemical reaction are used up 
or formed in fixed mole ratios, which are described by the 


3 


Itis important to understand that a chemical €quation 
reflects only the changes in’amounts or volumes of 
reacting species, but notthe initial orfinal quantities of 
these species. In many cases, one of the reactantsimay 
be present in excess, or the reaction may not come to 
completion. Even in these cases, the moleyratios ĉap be ) 
used to calculate any unknown quantity (amount, volume, 
mass and so on) of a reactant or Product from given 


quantities of otherspecies participating in the reaction. 
stoichiometric coefficients before these species. For gases, y y 
the volumes of reacting species are also proportional to 
their stoichiometric coefficients. 


Understandings 


reactants afd ee in a reaction. AR 


Reactivity 2.1.2—The mole ratio eh eg ion canbe 
used to determine: s N y 


AS products ity 2.1.5—The atom economy is a measure of 


roducts for Hm, efficiency in green chemistry. 
AY 


e the masses and/or volu 


e the concentrations of rea 
reactions oa, solution™ 


Stoichiometry and the molè ratio 
(Reactivity 2.1. 1) ) 


Stoichiometry is the quantitative study of the reactants and products involved 
in a chemical réaction. If you know the reactants and products, you can write 

a balanced chemical equation byadding stoichiometric coefficients before 
each species to ensuresthat the number of each type of atom in the reactants and 
products is identical. 


eKO 


Qr fh teind the Wikipedia article on Stoichiometry. Then, select a 

fan A Ha you are not familiar with from the menu on the left of the page. 
Even tho you will not be able to read the text, you will probably recognize 

many pa e diagrams, chemical equations and related mathematical 
calculations. 


Chemical equations describe processes using a universal and internationally 
adopted set of symbols. To what extent does the use of universal “languages” 
help knowledge development? 
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Reactivity 2 How much, how fast and how far? 


Worked example 1 


Ethane gas, C2H,, is completely combusted in oxygen, O2, to form carbon dioxide, CO2, and water, H20, under 
standard conditions. Write a balanced equation for this reaction. 


Solution 


First, write the unbalanced equation for the reaction, with 
the reactants on one side of the reaction arrow and the 
products on the other: 


CH + O2 > CO; + H2O 


Then, count the number of atoms of each type on both 
sides of the equation, adding stoichiometric coefficients 
where required: 


There are two carbon atoms in the reactants, and one 
in the products. Write the coefficient “2” before CO; to 
balance the carbon atoms. 


C2H6 + O2 > 2CO, + H2O 
There are six hydrogen atoms in the reactants and two 


in the products. Write the coefficient “3” before HO 
to balance the hydrogen atoms. 


C,H, + O2 > 2CO, + 3H,0 


There are two oxygen atoms in the reaetants and now 
seven in the products. Write the coefficient “3.5” 
before O; to balance the oxygen atoms, 


C,H, + 3.50, > 2COZ4 3A3O0 


To get a whole-number ratio, multiply each'coefficient 
by 2. 

2C-Hs + 702 + 4CO, + 6H20 

If you know the physical states of thespecies involved 


in the reaction, you should write the state symbols 
after each species: 


2C,H¢(g)/+ 702(g) > 4CO.(g) + 6H20(1) 


Practice questions 


1} The anaerobiefermentation of glucose, C,H, O, forms ethanol, C,H,OH, 


6 12 


and carbon dioxide, CO,. Write the balanced equation for this reaction. 


A Table] State symbols commonly used 


in chemical,equations 
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The stoichiometric coefficients in a balanced chemical equation are proportional 
tothe amounts of reacting species. The ratio of the stoichiometric coefficients is 

called the'mole ratio. Reactants will always react in relative amounts equal to the 
mole.ratio of the reactants, to produce relative amounts of the products equal to 


solid s 

liquid | 

gas g the mole ratio of the products. 
aqueous solution aq 


For example, the equation for the photosynthesis of glucose, CgH)2Og, is given 
below: 


6CO,(g) + 6H20(1) > CgH)20¢(aq) + 6O2(g) 


The mole ratio of the reactants is 1:1, and the mole ratio of the products is 1:6. 
This means that equal amounts of carbon dioxide and water will be consumed in 
the reaction to produce six times less glucose than oxygen. 


G Linking question 


When is it useful to use halfequations? (Reactivity 3.2) 


Reactivity 2.1 How much? The amount of chemical change 


Limiting reactants (Reactivity 2.1.2 and 
Reactivity 2.1.3) 


The relative amounts of reactants in a reaction mixture might not be equal to the 

mole ratio, so some reactants could be left over even if all other reactants are 

consumed completely. The limiting reactant is the reactant used up completely, 

while other reactants are present in excess. It controls the amount of product i | 

formed in the reaction and therefore the theoretical yield of the reaction. The The reaction yield will be’discussed 
excess reactant is the reactant that is added to the reaction mixture in a greater in Reactivityy2. 1:4. 

proportion than that required by the mole ratio. Some of the excess reactant will 

be left over when the reaction reaches completion. 


For example, imagine that 1.0 mol of hydrogen is mixed with 3.0 mol of oxygen 
and the mixture is ignited. An explosion occurs, and hydrogen and oxygen react 
ina2:1 mole ratio, producing water: 


2H,(g) + O,(g) > 2H,O(!) 


The reaction stops when all the hydrogen is consumed: 1.0 mol of hydregen 
will react with 0.5 mol of oxygen and 2.5 mol of oxygen remains unreacted. 
Therefore, the final mixture will contain 1.0 mol of water and 2.5 miol of oxygen. 


It is helpful to record the amounts of all substances as follows: 


2H,.(g) + O2x(g) > 2H204) 
Ninitia / MOI 1.0 3.0 O 
An/mol -1.0 -0.5 “41.0 
Nina / MO! (0) 2.5 1.0 


e The first row under the equation represents the initial mixture, in which the 
substances can be presentin any proportions. We can take anyamounts of 
reactants and mix them together, regardless of the stoichiometric coefficients. 


e The second row shows how thelamount of each substance¢hanges in 
the course of the reaction. The sign before eachamount shows whether it 
decreases (for reactants) or increases(for products). These changes must be 
proportional tothe moleratio shown by the stoichiometric coefficients. 


e The last row represents the final mixture, where the amounts of all substances 
arg calculated as Mana = Minita + Am. As With’ the initial mixture, the composition 
of the final mixture is not related to the stoichiometric coefficients. 


In this example, the amount of thexreaction product (water) is limited by the 
amountof hydrogen, which isconsumed completely in the reaction. Therefore, 
hydrogen is the limiting reactant and oxygen is in excess. 


Practice questions You can find the amount ofa 


E . R coe substance, n, from its mass, m, 
2.” Householdilighters often contain pressurized butane, C4Hio, which is 


combusted upon release: 
mass in g mol"!. Molar mass can 
pHa) + 130219) > 8CO2l9) + 104,01) be calculated using the A, values 


Determine the limiting reactant in the following mixtures: given in the data booklet. This was 
covered in Structure 1.4. 


using n = T where M is the molar 


a. 20 molecules of CHo and 100 molecules of O; 
b. 0.20mol of CaHio and 2.6 mol of O2 
c. 8.72g of CaHip and 28.8g of O; 
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Reactivity 2 How much, how fast and how far? 


Nipitiar / MOI 
An/ mol 


Ngna / MOI 


Tiniti / MOI 
An/ mol 


Ngna / MOI 


Avogadro’slaw. states that equal 
volumes ofall gases, at the same 
température and pressure, have 
thé samenumber of molecules 
(Structure 1.4). At standard 
temperature and pressure 

(STP), the molarvolume, 

Vin = 22.7 dm? mol. This can be 
used to work outithe amount of gas 
when its volume is known, using 


Va (Structure 1.5). 


m 


aS 


The concept of the limiting reactant allows us to determine the extent of 
reaction. Consider the mixture of 1.0 mol of hydrogen and 3.0 mol of oxygen 
again. If we double the amount of hydrogen, the amount of oxygen that reacts 
doubles, and the amount of water formed will also double: 


2H,(g) + O2(g) = 2H2O(l) amount of 2H,(g) + O.(g) =2P3O(1) 


10 3.0 0 Deon  naw/mo 20 Om O 
-1.0 -0.5 +10 An/mol -2.0 1.0} +2.0 
0 25 10 Mina/™mol Q 20 20 


However, if we double the amount of oxygen (which was already in excess), 
the amount of hydrogen that reacts and the amount of water produced inthe 
reaction will not change: 


2H,(g) + O-(9) = 2H,O(1) amount of 2H,(g) + Ox(g) = 2124) 
1.0 3.0 (0) aid Ninitad/ MOI 10 6.0 (0) 
=1.0. =05 +1.0 CA An/ mol -1.0% -95 +1.0 
(0) 2.5 1.0 Nina / MOI (6) 5:5 1.0 
Worked example 2 


A16.0g sample ofcalcium carbide, GaC,(s), was placed into a sealed vessel 
containing)19.3.dm°? of oxygen. Tihe.vesselwas heated at 1000 °C until all 
carbidéwas converted into calcium oxide, @aO(s), and carbon dioxide, 
CQs(g). When the vessel was cooled down, the oxides reacted with each 
other to. produce calcium carbonate, CaCO,(s). Calculate the mass of 
calcium carbonate and the volumes of individual gases in the remaining 
mixture. Assume that all reactions have come to completion. All volumes are 
measured at standard temperature and pressure (STP). 


Solution 
First, write the balanced equation of the combustion reaction: 
Ca@a(s) + 2.502(g) > CaO(s) + 2CO,(g) 


Then, find the amounts of the reactants: 


e OE alaca. 
2. 
___16.0g 
eflogmer 


= 0.250 mol 


V(O3) 

Va 
ED 
~ 22.7dm3 mol" 


= 0.850 mol 


n(O2) = 


Reactivity 2.1 How much? The amount of chemical change 


According to the equation, calcium carbide and oxygen react in 1:2.5 
mole ratio. In our case, the ratio of the reactants in the reaction mixture is 
0.250:0.850 =1:3.4. Therefore, oxygen is in excess, so calcium carbide 
is the limiting reactant. All calcium carbide will be consumed, while some 
oxygen will remain unreacted: 


CaC,(s) + 2.50,(g) + CaO(s) + 2CO-(9) 


Niniia/ MO! 0.250 0.850 o O 
An/mol —0.250 —0.625 +0.250 +0.500 
Nina/ Mol O 0.225 0.250 0.500 


Next, write the balanced equation for the second reaction, in which the 
oxides react with each other: 


CaO(s) + CO,(g) > CaCO,{s) 


Calcium oxide and carbon dioxide react ina 1:1 mole ratio. However, the 

ratio of CaO to CO; in the reaction mixture is 0.250: 0.500 = 1 : 2. Therefore, 
carbon dioxide is in excess, so calcium oxide is the limiting reactant»Alliealcium 
oxide will be consumed, while some carbon dioxide will remain unreacted: 


CaO(s) + CO2(g) > CaCOs(s) 
Ngitia/MOl 0.250 0.500 O 
An/mol  -0.250 —0.250 +0.250 
Nina / MO! (0) 0.250 0.250 


The final mixture will contain 0.250 mol of Ca€O(s), 0.250 mol of CO.(g) and 
0.225 mol of O.(g). Therefore: 


m(CaCO;) = 0.250 mol x 100.09 gmol"! x 25.0g 
VCO.) = 0.250 moalx 22.7 dm mol! ~ 5.68 dm% 
V(O) = 0.225 mol x 22¢7;dm3 mol} 5.1h.dm? 


Chemical reactions areoften carried out in aqueous solutions, which are 
solutions where water is the solvent. Aqueous solutions are easier to handle 
and mix than solids and gases.,Whensolving quantitative problems involving 
concentrations and volumes of solutions, you should focus on the amounts, in 
mol, of the reacting substances and their mole ratios in the balanced chemical 
equation. Typical problems involving reactions in aqueous solutions are 
discussed in the following Worked examples. 


Practice questions” 


3, Hydrogenand chlorine react 
with each other to produce 
hydrogen chloride, HCl(g). 

A mixture of 4.54 dm of 
hydrogen, H(g), and 2.27 dm? 
of chlorine, Cl(g), was 

heated until the reaction was 
complete. All volumes are 
measured at STP. 


a. Deduce the balanced 
equation for this reaction. 


b. Determine the limiting 
reactant. 


c. Calculate the volumes, 
in dm? at STP, of each 
substance in the final 
mixture. 


Definitions for solutions, solutes, 
solvents and concentration are 
given in Structure 1.4. 
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Worked example 3 


Hydrochloric acid is an aqueous solution of hydrogen chloride, HCl(aq). The 
reaction of hydrochloric acid with a sodium hydroxide solution, NaOH(aq), 
produces sodium chloride, NaCl(aq). A 1.00 dm? sample of 0.500 moldm=? 
hydrochloric acid was mixed with an equal volume of a 0.200 mol dm? 
sodium hydroxide solution. 


a. Formulate the equation for the reaction of hydrochloric.acid with 
sodium hydroxide. 


b. Determine the final concentrations, in moldm?, of all solutes in the 
solution once the reaction is complete. Assume that the volumes of 
solutions are additive. 


Solution 
HCl(aq) + NaQH(aq) > NaCl(aq)-+ H2O(l) 


a 


: b. First, work out the amounts of eaeh solute using m= V x c: 
You can find the amount of a g 


substance in a solution, n, from the n(HCI) = V(HGI)X c(HGI) 

volume ofthe solution, V, using 

n= V xc, where is cis the molar = Oam XO. 500 mol dm * 
concentration of that substance L oof 

in moldm™?. This was covered in 

Structure 1.4. n(NaOH) = V(NaOH}x c(NaOH) 


= 1.00 dm? x 0. 200m6] dm? 
= 0.200 mol 


Accordingstoithe equation, HCI and NaOH react in 1:1 ratio. In the 
reaction’ mixturepthe amount of HCI (0.500 mol) is greater than that of 
NaOk(0.200. mol). Therefore, NaOH is the limiting reactant, so it will be 
consumed completely while some HCI will be left over: 


HCl(aq) + NaOQH(aq) > NaCl(aq) + H2O(1) 


Neitia/MOol 0.500 0.200 o excess 
An/mol -0.200 -0.200 +0.200 +0.200 
Nina/ Mol 0.300 O 0.200 excess 


The final solution contains 0.300 mol of unreacted HCl(aq) and 0.200 mol 
of NaCl(aq). The amount of the solvent (water) is not relevant, as it is 
present in large excess in both the initial and final solutions. 


Assuming that the volumes of solutions are additive, Vina: = V(HCI) 


+ V(NaOH) = 1.00 dm? + 1.00dm? = 2.00 dm?. You can use —“~ to 
<“ % Vinal 
calculate the final concentrations: 


0.300 mol 


7 = = =3 

Cina HCl) = 555 gms = 0-150moldm 
_ 0.200 mol _ Ss 

Cfinaii NaCl) = > 00 dm? = 0.100 moldm 
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Worked example 4 


Sulfur dioxide, SO,(g), is a toxic gas with a strong smell of burnt matches. 
When released into the atmosphere in large quantities, sulfur dioxide 
contributes to acid rain by reacting with water vapour to produce unstable 
sulfurous acid, H,SO;(aq). 


Sulfur dioxide can be absorbed by alkaline solutions, such as a solution of 
sodium hydroxide, NaOH(aq), to produce salts of sulfurous acid, such as 
Na.SO;(aq). 


Gk 


Formulate equations for the reaction of sulfur dioxide with water 
vapour and for the reaction of sulfur dioxide with excess aqueous 
sodium hydroxide. 


b. Determine the concentrations, in mol dm °°, of all solutes in a solution 
produced when 2.84dmi of sulfur dioxide is absorbed by 2.00.dm? of 
a 0.400 mol dm * solution of sodium hydroxide at STP. Assume that the 
absorption does not affect the volume of the solution. 

Solution 

a. S$O2(g) + H20(g) > H2SO;(aq) 
SO2(g) + 2NaOH(aq) > Na2SO;(aq) + H20(!) 

b. Sulfur dioxide is a gas at STP, sousen = Lio determine the amountipresent: 


m 


A 
Oee A 


~ 22.7 dm? mol" 
Work out the amount of the sodium hydroxide solute using =W% c: 


n(NaOH) = 2.00 dm? x 0.400 mol dm? = 0.800 mol 


According to the equation, SO, and NaOH react ina.1:2 ratio. The 
amount of NaOH required to absorb 0.125 mol of SO; is therefore 

0.250 mol. Theactual amount of NaOh in the reaction mixture (0.800 mol) 
is greater than,0.250 mol. Therefore, SOpis the limiting reactant, so it will 
be consumed completely, while some NaOH will be left over: 


SO.(g) + 2Na@H(aq),— Na,SO3(aq) + H2O(1) 


Nine mol 0.125 0.800. (0) excess 
An/mol -0h25 —0. 20 +0.125 +0.125 
Ninu/Mol O 0.550 0.125 excess 


The final solution contains 0.550 mol of unreacted NaOH(aq) and 

0.125 mohof Na,SO;(aq). The volume of the solution at the end of the 
reaction.will be approximately equal to the volume of the initial solution, 
2.00 dm*. Therefore: 


_ 0.550 mol _ r 
Cami NEOH) = 555 geqs = 0-275moldm 
0.125 mol E 
Cinai (Na2SO3) = ooa 0.0625 mol dm? 


All measurements are, to an 

extent, limited in precision and 
accuracy. However, sometimes 
hese limitations are negligible. 

For example, strietly speaking, 

he volumes of solutions are not 
additive alf we mixithe solutions 
rom worked. example 3, the 
volume of the final solution willbe 
2.01. dm3, or approximately'0,5% 
greater than expected (2.00 dm’). 
However, such différences are 
usually small and,comparable with 
the accuracy of standard volumetric 
glassware (0.2-0.5%). Therefore, 

in most practical situations, we 

can assumeé'that the volume of the 
solution at the end of the reaction is 
approximately equal to the sum of 
volumes of the initial solutions. 


Have you come across other 
negligible limitations to accuracy or 
precision in chemistry? When do 
such effects become significant? 


Practice questions 


4. Equal volumes of 
0.100 mol dm? solutions of 
potassium hydroxide, KOH(aq), 
and sulfuric acid, H,SO,(aq), 
were mixed to produce 
potassium sulfate, K.SO.(aq), 
and water. 


a. Formulate the balanced 
equation for the 
neutralization. 


b. Determine the 
concentrations, in 
moldm™, ofall solutes in 
the final solution. 
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The volumes of solutions and gases must never be added together. The densities 
of most gases are approximately 1,000 times lower than those of aqueous 
solutions, so when a gas is absorbed by a solution, the increase in the solution 
volume is negligible for most practical purposes. 


The mole ratio techniques discussed in this topic are commonly used in titration 
calculations. In an acid-base titration, an acid and a base react with each other 
to form water and a salt. An acid-base indicator is added to the reactionymixture 
to monitor the reaction progress. The indicator changes colounwhen'the 
neutralization is complete. The mole ratio is shown.by. the balanced equation for 
this neutralization reaction. If the volumes of both,acid and base solutions are 
known, and the concentration of one of the reactants/is also known athe unknown 
concentration of the second reactant can be determined: 


The method for performing 
a titration is discussed in the 
Skills chapter. 


Worked example 5 


20.0 cm of sulfuric acid solution)H.SO(aq), of unknown concentration was 
titrated with a 0.200 mol dm °? solution of sodium hydroxide, NaOH(aq), in 
the presence of an acid-base indicator. The colour change was observed 
when 14.3 cm? of the sodium hydroxide solution was added. 


a. Formulate the balanced equation forthe neutralization reaction. 


b. Determine the concentration, in mol dm°, of sulfuric acid in the 
analysed solution. 


Solution 


a. \H,SO.(aq) + 2NaOH(aq). + Na,SO.(aq) + 2H,O(|) 


B. Start by converting the volume of sodium hydroxide solution to dm?: 


A Figure] An acid-base titration with a V(NaOH) =)14.3 cm? = 0.0143 dm? 


coloured indicator 
Then, find the amount of sodium hydroxide solute using n = V X c: 


n(NaOH) = 0.0143 dm? x 0.200 mol dm? = 0.00286 mol 


According to the equation, H2SO, and NaOH react in 1: 2 ratio, 
so n(H2SO,) = 0.00143 mol 


Convert the volume of sulfuric acid solution to dm?: 


V(H2SO,) = 20.0 cm? = 0.0200 dm? 
Practice question 


Then, calculate the concentration of sulfuric acid using c= 5 
5. Complete neutralization 


of 100 emisof a sodium c(H,SO,) = 200143 mol _ 0.0715 moldm= 
. } . 0.0200 dm 
hydroxide solution required a ei 
9.10m? ofa 0.500 mol dm=? You can also use the formula oom l= ea where x; and x» are the 
d P r 1 
hydrochloric acid. Determine stoichiometric coefficients before the reactants in the balanced equation. 


the concentration, in mol dm~? 
of sodium hydroxide in the 
initial solution. 


’ 


This way, you can skip the step where you find the amounts of the 
reactants used in titration. 
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When an analyte cannot be easily quantified with a 
titration, a back titration is employed. In a back titration, 
the substance being analysed is first neutralized by a 
reagent of known volume and concentration. The excess 
of this reagent is then determined by titration. 


Eggshells contain calcium carbonate. Calcium carbonate 
is insoluble in water, so its quantity can be conveniently 
determined using a back titration method. The eggshells 
are first crushed and reacted with a known amount of 
hydrochloric acid taken in excess. The leftover acid is then 
titrated against a standard sodium hydroxide solution 

to find out how much of the acid was consumed in the 
reaction with the eggshells. The amount of calcium 
carbonate in the eggshells can then be found using 
stoichiometric calculations. 


Relevant skills 

* Tool 1: Applying techniques: titration 

e Tool 3: Propagate uncertainties in processed data 

e Inquiry 2: Collect and record sufficient relevant data 


e Inquiry 2: Carry out correct and accurate 
data processing 


Instructions 


1. Using the list of equipment shown, below, design a 
method to analyse the mass percentage of calcium 
carbonate in eggshells. The equipment list is not 
definitive: you do not have to use all the items,in the 
list, and you can add further items or substances if 
you wish. 


* Calcium carbonate chips, Ca€O;(s) 

* Avariety of different types of eggshells 

* 1.00 mol dm~? hydrochlori€é acid, HCl(aq) 

* 1.00 mol dû? sodium hydroxide, NaOH(aq) 


e  Phenolphthalein indicator solution 


e Burette 


e Burette clamp and stand 

* Conical flasks 

e Drying oven 

e Pestle and mortar 

e Top-pan balance 

* Volumetrieipipette and filler 

e Wash,bottle containing distilled water 
© Waste container(s) 

«a Standard lab safety equipment 
Conducta risk assessment of your method and show 
it to your teacher for approval. 


Collect sufficient relevant data, including qualitative 
observations. You will have to decide how much data 
will be.sufficient, 


Process the data to determine the mass percentage 
of calcium carbonate in each of the eggshell 
samples. 


Propagate measurement uncertainties to obtain the 
uncertainties of the calculated mass percentages 
ound above. 


Graph your data using an appropriate software, 
including error bars. 


f possible, compare your data to literature values. 
Comment on the accuracy and precision of 
your results. 


Discuss at least two sources of error in your 
investigation and propose improvements that could 
minimize these errors. 


How does the molar volume ofa gas vary with changes in temperature and 


pressure? (Structure 1.5) 


O In what ways does Avogadro's law help us to describe, but not 


explain, the behaviour of gases? (Structure 1.4) 


469 


Reactivity 2 How much, how fast and how far? 


The reaction yield (Reactivity 2.1.4) 


In any chemical reaction, the total mass of the reaction products is equal to 

the total mass of the consumed reactants. This principle, known as the law 

of conservation of mass, follows from atomic theory. Since atoms cannot be 
created or destroyed, their total number and therefore mass cannotbe affected 
by chemical changes. 


“Nothing comes from nothing” was one of the basie principles in ancient 
Greek philosophy. The first recorded experimental evidence for the 
conservation of mass was obtained in 1748 by the Russian scientist Mikhail 
Lomonosov, who carried out chemicalfeactions in sealed vessels and found 
that chemical changes did not affeet' the total mass of the.mixtures. However, 
the works of Lomonosov were almostunknown in western European 
countries, so it was over 25 years before the French chemist Antoine Lavoisier 
formulated this principle in 1774 and was commonly credited for its discovery. 


A Figure 2 Left: Mikhail Lomonosov; right: Antoine Lavoisier 


This example shows the importance of sharing knowledge and ideas: a 
valuable discovery that remains hidden from the global scientific community 
may go unnoticed for some time and have little impact on the advancement 
ofscience. What conditions facilitate an individual's access to the international 
scientific community? How can the number of valuable contributions of 
scientists from around the world be maximized? 


Calculate the masses; in gpof 


the initial and final mixtures from 
worked examplé and verify the 
validity of the law of conservation 
of mass. 


When chemical reactions are carried out experimentally, the amounts of the 
reaction products are usually lower than the theoretical amounts predicted 

by the equation. This can happen for many reasons, including incomplete 
conversion of the reactants or simply because some product was lost during its 
isolation and purification. In such cases, we can calculate the percentage yield, 
which is the ratio of the experimental and theoretical amounts of the product. 
Since the amount of an individual substance is proportional to its mass (n = my 


the yield can also be found as the ratio of the experimental and theoretical 
masses of the product: 


; n tal m, tal 
percentage yield = 2" x 100% = — == x 100% 
Nibeoretical Meoretical 
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The term “yield” can also refer to the amount or mass of the reaction product. In 
this sense, the theoretical yield is the amount or mass of the product that could 
be obtained from a particular reaction if the reaction went to completion and no 
product was lost. In contrast, the experimental yield is the actual amount or mass 
of the product isolated from a particular laboratory experiment. The experimental 
yield can be lower than or equal to the theoretical yield, but it can never exceed it. 


The percentage yield, and theoretical and experimental yields of a reaction, are 
related as follows: 


experimental yield 


percentage yield = x 100% 


theoretical yield 


Worked example 6 


A mixture of 10.0 g of calcium metal and 9.62 g of elemental sulfur was heated for some time to 
produce 17.0g of calcium sulfide, CaS(s). 


a. Calculate the theoretical yield, ing, of calcium sulfide. b. Using youranswer to parta, calculate the 
percentage yield of calcium sulfide. 


Solution 
a. First, write the balanced equation for the reaction: b? The reaction produced 0.236 mol of calcium sulfide, 
while the theoretical yield of this compound was 
Cals) + S(s) > CaS(s) 


0.250 mol Therefore: 


Then calculate the amounts of the reactants and 


Í n percentage yield = Zerena x 100% 
products using n = M Niheoretical 
10.0 ae ee Mel 100% = 94.49 
n(Ca) = W008 g mo» 740.250 mol ~0.250mol ori ae 
962 The same result could be obtained through the 
n(S) = 32.07 g moh x 0.300 mel experimental and theoretical masses of calcium 
i 170 sulfide: 
n(CaS) = A 15. ny 0.236 mol 
ah percentage yield = errimen x 100% 
The limiting reactant is calcium, asCalciumand sulfur Mieoretical 
are.consumed ina : 1 ratio. The theoretical amount 17.09 a 
of calcium sulfide is 0.250 mol (the same as the initial ~ 18.0g R Oe ee 


amount ofthe limiting reactanty caléium). Therefore, 
the theoretical yield of caleium sulfide is: 


Mieoretica(CaS) = 0.250 Ma 72.15 g mol! 18.0g 


Practice question 


6. Calculate the theoretical and percentage yields of the reaction between 
9.443 g of aluminium and 7.945 dm? (STP) of oxygen that produced 
17.139 of aluminium oxide, Al,O;(s). 
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Salicylic (2-hydroxybenzoic) acid was isolated from the bark 
of willow trees in the first half of the 19th century and used 
as a pharmaceutical drug for pain and fever relief. However, 
pure salicylic acid caused severe stomach irritation and 
bleeding. These side effects could be significantly reduced 
by the use of a chemically modified salicylic acid, which is 
now known as acetylsalicylic acid or aspirin. 


O OH 
oa” 


| 
O 
ethanoic 


anhydride 
M, 102.10 


salicylic acid 
(2-hydroxybenzoic acid) 
M, 138.13 


OH 


chg dHacoOr 


o 
Nei 
Il 
O 


ethanoic 
acid 
M, 60.06 


aspirin 
(acetylsalicylic acid) 
M, 18097 


The reaction of salicylic aeid with ethanoic anhydride 

can be used iña school laboratory for the preparation 

of aspirin. In a typical experiment, salicylic acid is mixed 
with excess ethanoic anhydride and several drops of the 
catalyst (concentrated/phosphoric acid, H3PO,). The 
mixture is heated for a short.time, then diluted with water 
andvallowed to cooldown slowly, producing crystals of 
aspirin. The crystals areisolated by filtration and dried in 
the open air. 


The aspirinobtained in this way is usually impure, so it 
needs toe recrystallized. To do so, impure aspirin is 
dissolved in, hot ethanol, and the solution is allowed 
to cool down. Pure aspirin precipitates while most of 
the impurities remain in the solution. The crystals of 
pure aspirin are filtered and dried until all the ethanol 
evaporates. 


Each step of the procedure outlined causes some loss of 
the product and therefore reduces the yield of aspirin. 

In particular, the reaction of salicylic acid with ethanoic 
anhydride is never 100% complete, some aspirin-staysiin 
the solution, small crystals of aspirin can be'trapped in the 
paper filter, and so on. The results of threeexperiments 
performed by students are shown in table 2: 


Experimental |Experiment| Experiment | Experiment 
data 1 | 3 


mass of salicylic 
acid / g 


mass of ethanoig 


anhydride/ 9 om 


nda 


mass Ofaspitin //g 1.87 


recrystallization 


ii 
from ethanol ce 


f 


melting point of 


product / °G “7128 


133-135 135-136 


h 


A Table 2 Synthesis of aspirin data. The literature value for the 
melting pointof pure aspirin is 136°C 


mpurities usually lower the melting point and widen the 
melting range of substances. The most common example 
is sea water, which freezes between —2.5 and —-1.8°C 
instead of at O°C like pure water. 


Questions 


1. Calculate the amounts of the reactants for each 
experiment and determine the limiting reactant in 
each case. 


Determine the percentage yield of aspirin in 
each experiment. 


Identify which experiment produced an impossible 
percentage yield of aspirin. Using the data in table 2, 
suggest a reason for this and provide supporting data 
for your answer. 


Suggest which experiment produced the purest 
sample of aspirin. Explain your answer. 


The identity of aspirin can be confirmed by 

IR spectroscopy, NMR spectroscopy, mass 
spectrometry (Structure 3.2, AHL) or by determining 
its melting point (Structure 1.1) and comparing the 
result with the literature data. 
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© 


The reaction between calcium chloride and sodium 
carbonate solutions produces a precipitate of calcium 
carbonate, which can be removed by filtration: 


CaCl,(aq) + Na,CO;(aq) > CaCO;(s) + 2NaCl(aq) 


In this practical, you will carry out this reaction, isolate the 
resulting calcium carbonate and calculate the yield. 


Relevant skills 
e Tool 1: Measuring mass and volume 

e Tool 1: Drying to a constant mass 

e Tool 3: Applying general mathematics 


e — Inquiry 2: Identify and record relevant 
qualitative observations 


e — Inquiry 2: Collect and record sufficient relevant 
quantitative data 


e Inquiry 2: Carry out relevant and accurate 
data processing 


Safety 
e Wear eye protection 


* Sodium carbonate solution is‘an irritant, wear gloves 
when handling it 


Materials 

* two 25cm graduated pipettes or burettes 

* 100 cm? beaker 

e stirring rod 

e vacuum filtration apparatus 

* — top-panmbalance 

e d filter paper 

e ~ wash bottle containing distilled water 

* (drying oven(ifavailable) 

* 0.50moldm calcium chloride solution, CaCl,(aq) 


* \Omolidm? sodium carbonate solution, NaxCO;(aq) 


Instructions 


i 


Write your initials on the filter paper in pencikand 
pre-weigh it. 


2. |Inal0Ocm beaker, add 25cm? of 0:50 mol dm~? 
calcium chloride solution to 15 em¥of 1.0 mol dm™? 
sodium carbonate solutions 

3. Stir the reaction mixture. Remember to record 
relevant qualitative observations throughout. 

4. Filter the mixture (figure 3). Rinse the beaker and 
stirring rod with distilled water to completely transfer 
all traces,of the precipitate onto the filter paper. 

5. Allow the filteppaper todry undisturbed, inside a 
drying even if possible. Once it looks dry, weigh it. 
Repeat until the mass remains constant. 

6. Clean up as instructed by your teacher. 

filter paper 
Buchner 
funnel 
Bical => vacuum pump 
flask 
A Figure3 Vacuum filtration 

Questions 

1. Determine the limiting and excess reactants. 

2. Calculate the theoretical yield of calcium carbonate. 

3. Calculate the experimental yield of calcium carbonate 
and hence, the percentage yield. 

4. Compare and contrast your results to your 
classmates’ results. 

5. Outline two ways to improve the efficiency of 


this synthesis. 
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(an) Self-management skills 


The following steps show a general approach to solving problems involving 
stoichiometric calculations. To help you remember all the steps, describe 
each step in three words, and then again in one word. 


1. Formulate and balance the chemical equation(s) for any chemiéal changes 
mentioned in the problem. 


2. Calculate the amounts of as many substances as you.can using the 


formulas n = rand n= a If you know amass percentage, convert itfirst 


to mass (if possible) and then to amount. 


3. Write all known amounts of substances below their formulas.in chemical 
equations. Any missing values may suggest the next step,of the solution. 


4. Determine the limiting reactant and use the molé ratio shown)by 
stoichiometric coefficients in the balanced equation to calculate the 
changes in amount forall substances. Remember that the mole ratio does 
not reflect the initial/or final amounts of reactants and products. 


5. Check the massbalances The total mass ef products must be equal to the 
total mass of reactants. If it is not thé’ease, revise your solution. 


6. Checkthatthe answer makes sense» All percentages should add up to 
100%, andino individual percentage can be greater than 100%. The yield 
of the'final product’must nobexceed 100%. Finally, treat very low or very 
high percentages with caution. 


In practice, chemists,often have to find a balance between yield and purity. For 
example, most medicaldrugs must have a purity of 99% or even higher, as any 
impurities. could have unpredicted effects on the patient's health. As a result, the 
strict safety requirements reduce the yields and increase the prices of medical- 
grade products. At the same time, the acceptable purity for many industrial and 
agricultural. materials, such as detergents and fertilizers, could be well below 
50%, as long as the impurities do not compromise the safety and intended use of 
the product. 


The yields of chemical reactions are particularly important in the chemical 
industry, where the loss of even a small percentage of the final product could 
mean a significant drop in profit. Low reaction yields increase the amount of 
waste, which needs to be disposed of safely or reused. The development of 
highly efficient synthetic procedures with low environmental impact is reflected 
in the concept of green chemistry, which is now adopted by the majority of 
commercial and research organizations around the world. 


A Linking question 


What errors may cause the experimental yield to be i) higher and ii) lower than 
the theoretical yield? (Tool 1, Inquiry 1, 2, 3) 


Reactivity 2.1 How much? The amount of chemical change 


Green chemistry and atom economy 
(Reactivity 2.1.5) 


In traditional chemistry, the efficiency of a synthetic procedure is measured in 


terms of the product yield and the cost of raw materials. Many other factors, such 


as the toxicity of reagents and solvents, energy consumption and the amount 


of waste produced are often ignored. A completely different approach, known 


as green chemistry, takes into account the environmental impact of the entire 


technological process. Green chemistry encourages scientists to minimize the 
use and generation of hazardous chemicals when designing reactions that are 


used in industrial processes. Common practices of green chemistry include 
aqueous or solvent-free reactions, renewable starting materials, mild reaction 


conditions, efficient catalysis and the utilization of any by-products formed during 


the synthesis. 


The term “green chemistry” was coined in 1991 by American chemists: 
Paul Anastas and John Warner, who formulated 12 principles for their 
approach to chemical technology. These principles include the use of non- 
hazardous chemicals and solvents, reduction of energy Consumption and 
waste production: “the best form of waste disposal is notto create it in the 
first place”. Other principles include the use.of renewable materials and 
prevention of accidents. The philosophy of green chemistry has passed into 
national and international laws, which restrict the use of certain’chemical 
substances and promote environmentally friendly technologies. To what 
extent can you incorporate the 12 green chemistry principles into your 
practical work in DP chemistry? 


Another key concept of green chemistry is the atommeconomy, which is a 
measure of the efficiency of areaction. The atom economy is the ratio of the 
molar mass of the isolated target product tothe combined molar masses of all 
starting materials; catalysts and solvents.used inthe reaction: 


molar mass.of desired product 
total molarmass of reaction mixture 


atom economy = x 100% 


For example, the atom economy of a solvent-free reaction A + B > C is equal to the 
experimental yield and can’potentially reach almost 100%. However, in the reaction 
A+B C+D, where Qis the target product, the atom economy will always be 
significantly lower than 100% because the unwanted by-product D is formed. The 
use of solvents and catalysts/will further reduce the atom economy because their 


constituent atoms do not form the target product and must be disposed of or 


recycled. Therefore, the atom economy is inversely proportional to the percentage 


of waste generated in an industrial process or laboratory experiment. 


The equation for the calculation 
of atom economy is given in the 
data booklet. 
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Reactivity 2 How much, how fast and how far? 


Examples of atom-efficient 
reactions are addition 
polymerization (Structure 2.4) 

and the hydrogenation of alkenes 
(Reactivity 3.2), which proceed 
with high yields, require no 
solvents and form almost no 
by-products under appropriate 
conditions. At the same time, 
many traditional organic reactions, 
such as the oxidation of alcohols 
(Reactivity 3.2) or electrophilic 
substitution in aromatic 
compounds (Reactivity 3.4, AHL), 
are very inefficient. This is because 
they often require large volumes 
of solvents, have low yields and in 
some cases produce mixtures of 
isomers (Structure 3.2) instead of 
individual target products. 


Worked example 7 


Dimethyl carbonate, (CH3;O),.CO, is a non-toxic and highly efficient “green” 
solvent. Calculate the percentage atom economy for the synthesis of 
dimethyl carbonate by the following reaction: 


4CH3OH(!) + 2CO(g) + O.(g) > 2(CH30),CO(l) + 2H20(1) 


Assume that the percentage yield of the reaction is 100%. 


Solution 


The total molar mass of the products is equal to the total molar mass of the 
reactants, so either can be used as the total molar mass,of the reaction mixture, 


Using the molar mass of reactants in the;denominator: 


aecenas ee 
4 x M(CH;OH) + 2x MCO) MIO.) 

B 2x 90.09 

= 2X 32.05 2.x 28.01 + 32.00 


Using the molar mass of products in the denominator: 
2M((CH30)2CO) 

2K M(CH;0)2CO) +2 * M(H2O) 

= 2 x 90.09 

\ 2x 90.09 + 2%18.02 


x 100% 


100% = 83.33% 


atom economy = x 100% 


x J00% = 83.33% 


Practice questions 


7. Dimethyl carbonate can be used to convert phenylamine, CsHsNH,(I), into 
N-methylphenylamine, CsH;NHCH;(I). The by-products of this reaction are 
methanoh, CH3OH(|), and carbon dioxide, CO.(g). 


a. Formulate the balanced equation for this process and calculate its atom 
economy. 


bi Suggest, by referring to the chemical equation in worked example 7, 
how the atom economy of the synthesis of N-methylphenylamine can 
be improved. 


The cost of green chemistry 


Green technologies vary in efficiency and in many cases involve expensive 
equipment, raw materials and recycling facilities. However, these initial 
investments reduce the costs associated with environmental remediation, waste 
management and energy consumption. Therefore, in the long term, green 
chemistry is a commercially attractive and sustainable alternative to traditional 
organic chemistry. 


Reactivity 2.1 How much? The amount of chemical change 


Increasing adoption of green industrial processes in developed countries 
has significantly reduced the emissions of many hazardous chemicals, such 
as chlorinated solvents or greenhouse gases. At the same time, some non- 
hazardous substances branded as “green” or “environmentally friendly” 
still require toxic chemicals or large amounts of energy for their production. 
The industrial use of natural products, such as plant oils and starch, takes 
up agricultural resources, reduces biodiversity and increases the cost of 
food. This can lead to various ecological and social issues. Therefore, the 
“greenness” of a product must be assessed using all direct and indirect 
environmental implications of its entire life cycle. This is one of the most 
controversial problems in green chemistry. 


P 4 
Ta 4% 


ry 


A Figure 4 Left: supercritical cafbon dioxide is widely used in food industry as a 
non-toxic, green alternative to chlorinated solvents; right: aybiofuel power plant 


Create your own practice question involving mole ratios. Depending on 
how e6nfident you feel about this topic, you could develop a relatively 
straightforward question based ©n reacting masses, or a more complex one 
that brings in your knowledge .of concentrations and/or gas volumes. Try to 
address some of the common mistakes and misconceptions related to mole 
“ratios~Greate a booklet or record a video showing the step-by-step solution 
to the problem and shareit with a partner. Give each other feedback in the 
form of “two stars and a wish”: two things they have done well and one 
constructive suggestion for improvement. Improve your work, then share it 
with the rest ofyour€lass. 


G Linking question 


The atom economy and the percentage yield both give important information 
about the “efficiency” of achemical process. What other factors should be 
considered in this assessment? (Structure 2.4, Reactivity 2.2) 
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Reactivity 2 How much, how fast and how far? 


End of topic questions 


Verne review 


Using your knowledge from the Reactivity 2.1 topic, 
answer the guiding question as fully as possible: 
How are chemical equations used to calculate 
reacting ratios? 


Exam-style questions 
Multiple-choice questions 


27 


Pyrite, FeS, reacts with oxygen according to the 
following equation: 


AFeS,(s) + 110,(g) > 2Fe,03(s) + 8SO,(g) 


How many grams of SO,(g) will be produced from 
0.25 mol of FeS,? 


A. 16 
B 32 
C. 64 
De 128 


In which mixture is sulfuric acid the limiting reactant? 


A. 0.10mol H250, + 0.20 mol KO 

B. 0.20 mol H2SO,+0.10mol KO 

C. 0.10mol HSO, + 0.20 mol Gã(OH)2 

D. 0.20 mol H2SO, + 0.10 mol Ca(Ok), 

What is the percentage yield when 18 dm? of ethane, 


C-Helg), is produced from 20 dm? offéthene, CH.(g)? 


All volumes are measured at STP. 


C2Ha(g) + Ha(g) > G_He(g) 


A. 10% 
B. 20% 
C. 80% 
D. 490% 


5 


Which of the following expressions gives the atom 
economy of the synthesis of methanal, HCHO() from 
methanol, CH3OH(I), if the experimental yield.is 100%? 
CH3OH(!) + 0.50,(g) > HCHO(g) + H20\(!) 

M(HCHO) 
M(CH;OH) +M(ACHO). 

M(HCHO) 
M(CH3OH) + 0.5 M(O>) 
M(HCHO) 
M(HCHO) + M(H,0) 
and tLonly 


and Ill only 
Landiill only 
land lll 


SUNY (es) 3 


Extended-response questions 


6. 


Potassium superoxide, KO3(s), is used to regenerate 
oxygen from the carbon dioxide exhaled by the crew of 
a submarinéor spacecraft. 

a. » Formulate the balanced equation for the reaction 
between potassium superoxide and carbon 
dioxide that produces oxygen and potassium 
carbonate, K,CO;(s). 

b. Deduce the limiting reactant in the reaction of 
28.44g of potassium superoxide and 6.81 dm? 
(STP) of carbon dioxide. 

c. Calculate the mass, ing, of potassium carbonate 
and the volume, in dm? at STP, of oxygen produced 
in this reaction. 


Chlorine gas is produced in the laboratory by 
the reaction of hydrochloric acid, HCl(aq), with 
manganese(IV) oxide, MnO-(s): 


MnO,(s) + 4HCl(aq) > MnCl,(aq) + Clo(g) + 2HO(!) 


A 17.4g sample of manganese(|V) oxide was added to 
0.100 dm? of 10.0 mol dm~? hydrochloric acid, and the 
mixture was heated until the reaction was complete. 


a. Deduce the limiting reactant in this experiment. 


b. Calcula 
gas produced. 


e the volume, in dm? at STP, of chlorine 


c. Calculate the molar concentrations, in mol dm~, 


of all solutes in the final solution. Assume that the 
volume of the solution did not change during 
the reaction. 


Reactivity 2.1 How much? The amount of chemical change 


A10.0cm? sample of a solution with unknown Il 


concentration of barium hydroxide, Ba(OH),(aq), was 
titrated with 0.100 mol dm hydrochloric acid, HCl(aq), 
in the presence of an acid-base indicator. The colour 
change was observed when 11.7cm3 of the standard 
solution was added. 

a. Formulate the balanced equation for the 
neutralization if the reaction products are barium 
chloride, BaCl,(aq), and water. 

b. Determine the concentration, in mol dm™?, of 
barium hydroxide in the analysed solution. 


The thermal decomposition of sodium 
hydrogencarbonate, NaHCO;(s), produces sodium 
carbonate, NasCO;(s), carbon dioxide and water. 


a. Formulate the balanced equation for this reaction. 

b. Calculate the theoretical yield, in g, of carbon 
dioxide produced by the decomposition of 10.0g 
of sodium hydrogencarbonate. 

c. The decomposition of 10.0g of sodium 
hydrogencarbonate produced 1.20 dm? (STP) of 
carbon dioxide. Calculate the theoretical yield, in 
dm, of carbon dioxide and its percentage yield in 
this reaction. 


d. Calculate the masses of solid substan¢es.in the final 
mixture obtained in part c. 


. Copper(l) sulfide, CuzS, is found,innature as the mineral 


chalcocite, which is a major component of copper ores. 

At high temperatures, chaleacite reacts with oxygenito: 

produce copper metal and sulfur dioxide, SO2(g) 

a. Formulate the balanced equation for thesreaction 
of copper(|) sulfide with oxygen, 

b. Determine the theoretical yield, inKg, of copper 
metal that could be obtained from 1.00ton 
(1000 kg).of an’ore that contains 75.3% of 
chalcocite, Assume that othencomponents of the 
ore arewnreactive. 

c. Using your answer.to partb, determine the 
percentage yield of copper metal if its practical 
yield is 506 kg. 


12. 


Calculate the atom economy for the following 
reactions, assuming that the organic compound is the 
target product in each case. 

a. CH3CH,OH(|) > HxC=CH,(g) + H2Oll) 

b. 6CO,(g) + 6H20(1) > CgH)20¢(aq) + 6O29) 

c. nH ,C=CH,(g) > +CH-CH,4,(s) 


Nitrogen dioxide, NO,(g), can bé synthesized from 

nitrogen monoxide, NO(g), and oxygen! 

a. Formulate the balanced equation for this reaction. 

b. Calculate thetheoretical atom economy for the 
equation from parta. 

c. Ina particular experiment, 1.00dm° ofinitrogen 
monoxide was mixed with 1.00.dm? of oxygen.to 
produce 0:700 dm? of nitrogen dioxide. Calculate 
the theoretical yield,,in dma, andthe percentage 
yield ofnitrogen dioxide. 

d- Calculate the actual atom economy for the 
synthesis in parte. 
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Naina” How fast? The rate of 
chemical change 


ww 
How can the rate of a reaction be controlled? ne, 
One of the main considerations in designing a synthetic Chemical kinetics is the branch of chemistry,.that studies 
procedure is whether it can be carried out fast enough to the rates of chemical reactions“Kineties studies provide 
be useful. There is no point in starting a reaction if it takes important information aboutreaction mechanisms andthe 
a hundred years before any product could be isolated! ways the reaction rates can be controlled by altering the 
Chemists often have to find a balance between the rate experimental conditions, such as pressure, temperature, 


and yield of a reaction to make it feasible from both the concentration, surface area and the presence of catalysts. 
practical and commercial points of view. ‘ 


Understandings 


Reactivity 2.2.1—The rate of reaction is expressed as the ations depend on 
change in concentration ofa particular reactant/product tion and can only be < 
per unit time. 

the exponent to which the 
ant is raised in the rate 
respect to a reactant can 


sufficient energy and proper orientation. ~ y 
Reactivity 2.2.3—Factors that influence the rate Ofia 


reaction include pressure, concentration, surfac e area 
temperature and the presence ofa yee. 7 A 5 


Reactivity 2.2.4—Activation energy, mini A 4 fh ae nee 
energy that colliding particles néed fora a i A P iT NS eI VIMES PECO Cacnea tant: 
collision leading to a regien: P A D` Reactivity 2.2.11—The rate constant, k, is 


Reactivity 2.2.5— — Catalysts jncrease Tew fe of reacti mperature dependent and its units are determined 
: * from the overall order of the reaction. 


Reactivity 2.2.12—The Arrhenius equation uses the 
temperature dependence of the rate constant to 
determine the activation energy. 

Reactivity 2.2.13—The Arrhenius factor, A, takes 
into account the frequency of collisions with 

proper orientations. 


R, step is the number of 
N that step. AN 
) 4 ð 


The rate of reaction (Reactivity 2.2.1) 


Chemical reactions proceed at different speeds. Fast reactions, such as 
explosions, occur within milliseconds. Slow reactions, such as the formation 
of fossil fuels, take millions of years. However, the terms “fast” and “slow” are 
very vague, so chemists need to describe the speed of chemical changes 
more precisely. 


Reactivity 2.2 How fast? The rate of chemical change 


Therefore, it is convenient to define the rate of reaction, v, as the change in 
concentration, Ac, of a reactant or product per unit time, At: 


_láci 

~ At 
This is the average rate of reaction, that is, the mean reaction rate over a period 
of time, At, rather than the reaction rate at a given moment in time. Typically, 
reaction rates are measured in moldm™?s", although other units, such as 
mmoldm= min”! or molm~?h_|, can also be used. 


A reaction rate cannot be negative, so it must be calculated using the absolute value 
(modulus) of the concentration change. For example, ifthe concentration of species 
Xin a reaction mixture decreases from 0.50 to 0.20 mol dm™ over 25 seconds, the 
rate of reaction with respect to that species is calculated as follows: 


E 3 3 
1s 10.20 Coe leelam = 23o molam =0.012moldm2 sl 


When the mole ratio of two or more species participating in a chemical reaction 
differs from 1:1, the reaction rates with respect to these species will also be 
different. To avoid ambiguity, the rates for individual species can be divided 

by their stoichiometric coefficients. The resulting overall rate of reaction is 
independent of the species used in calculations. 


Worked example 1 
Consider the following reaction: 
2N20(g) > 2N.(g) + O29) 


Under certain conditions, the concentrationyof nitrogen(|) oxide inthe 
reaction mixture decreases by,.0.20 mol dm™ over 10.seconds, producing 
0.20 mol dm? of nitrogen and 0.10 mol dm of oxygen overthe same 
period of time. Calculate: 


a. therate of reaction, in mol dms, with respect to each of the three 
species involved inthe reaction 


b. the overallirate offeaction, in the same units as above. 


Solution 

a. Usev= Bal tofind the rate of reaction for each species: 
(NO) = 020 mole”. = 0.020 moldm™ s7 
v(N) = 220moldm * = 0.020moldm™ s7! 
v(Q,) = 21omoldm L =0.010moldm?s7 


b. Tofindsthe overall rate of reaction, you can divide any of the rates for 
individual species by their stoichiometric coefficients: 


v(N20) _ v(N,) _ v(Os) 


= pae aro <i | 
V overall 7 5 1 0.010moldm~?s 


A Figure 1 Fireworks use fast chemical 
reactions, whereas corrosion of metal 
constructions takes centuries 
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In addition to mass and volume, 
the following quantitative 
characteristics are often used 
to calculate the concentration 
changes: 


e pressure (for reactions 
involving gases, Structure 1.5) 


* pH (for acid-base reactions, 
Reactivity 3.1) 


e electrical conductivity 
(for reactions involving 
electrolytes, Structure 2.1) 


* colour (for reactions involving 
transition metals or other 
coloured compounds, 
Structure 3.1, AHL). 


Any of these characteristi¢s can 
be recorded automati€allyusing 

a data logger and then related to 
concentration using,an appropriate 
mathematical expression ora 
calibration curve(Structure 1.4). 
Alternatively,small samples of the 
reaction mixture could be taken at 
Gertain time intervals and analysed 
by spectroscopic techniques 
(Structure 3.2, AHL) or titration 
(Reactivity 2.1). l 


Practice questions 
1. Under certain conditions, ammonia can be oxidized to nitrogen(ll) oxide: 
4NH:(9) + 502(g) > 4NO(9) + 6H2O(9) 


Over a period of 5s, the concentration of nitrogen(ll) oxide infhe reaction 
mixture increased from O to 6.0 x 10™° mol dm™. Calculate: 


a. the rate of reaction, inmoldm~=?s 1, with respecto NO(g) and O2(g) 


b. the overall rate of reaction, in the samewnits as above. 


Direct measurement of concentrations can be problematic, so the change in 
concentration is often calculated from other experimental data, suchias changes 
in mass or volume of the reaction mixture ora particular substance. 


For instance, the reaction of magnesium metal with hydrochloric acid can be 
investigated by measuring the'Volumeof hydrogen gasyreleased from 
he solution: 


Mg(s) + 2HCl(aq) = MgCl.(aq) + H.(g) 


n atypical experiment, a carefully measured Volume of hydrochloric acid with 
nown concentration is placed into a conical flask, and a sample of magnesium 
is added. The'flask is immediately€losed with a rubber bung and connected to 
a gas syringe (figure 2). Thé gas volume is recorded at regular time intervals until 
hereaction iscomplete. 


gas 
connector syringe 
Dine 8 10 12 14 16 18 cm3 
Glass tube =) a ae ufui uireimal 
m &——- bung 
conical — =- 
flask hydrochloric 
acid 
magnesium 


A Figure2 Measuring the reaction rate using a gas syringe 


The change in concentration of hydrochloric acid and the reaction rate can be 
calculated using gas laws and reaction stoichiometry. 


Reactivity 2.2 How fast? The rate of chemical change 


Worked example 2 


The experiment shown in figure 2 was carried out using a piece of magnesium ribbon and 0.100 dm? 
of 0.250 mol dm ? hydrochloric acid. The volume of gas released by the reaction was recorded every 


10 seconds until a constant reading was obtained (table 1). 


20 | 30 | 40 | 50 


60 


90 | 100 


ZO E223 


164 | 192 


234 


241 | 246 | 248 | 248 


A Table] Volume of hydrogen gas released by the reaction of hydrochloric acid with magnesium metal.at SATP 


a. Calculate the rate of reaction, in moldm=?s"', with 
respect to H,(g), for the following time intervals: 


i. betweenOand10s 


ii. between Os and the moment when the reaction 
was complete. 


Solution 


Use An= a to calculate the change in the amount 
of hydrogen. Note that V,, depends on temperature. 


The value of 22.7 dm? mol can be used onlyat 
T=0°C (273.15K) and p = 100 kPa(STP)“The 

Vn at SATP or any other conditions cane calculated 
using the ideal gas equation (Structure 1.5): 


PV _ PV 
TT 
100 kPa x 22.7 d? mo! _ 100 kPa x Vin(SATP) 
27S ISK 298.15 K 


Vin(SATP) = 24.8\dm? mol"! 


Over 
(0.111 


Anl) 


he first 1O s ofthe reaction, 411 cm? 
daMe) of hydrogen wasyreleasedat SATP, so 


0411 dm? 


ermine the change iconĉentration, 


To de 


use,Ac = ae where Vis the volume of the 
reaction mixture: 


9.00448 mol 
ActHe) E500 am? 
Note that'molecular hydrogen is a gas while 
thereaction mixture is an aqueous solution. 
Therefore, the value of Ac(H,) is not the actual 
concentration of H.(g) in the solution but only 
the ratio that shows the amount of the product 


= 0.0448 mol dm? 


b. Calculate the overall rate of reaction for the time 
interval in (a)(ii). 


Assume that the reaction was carried outat SATP\(25 °C 
and 100 kPa),,and'the solution volume did not change 
duringjthe reaction. 


released from a unit volume of the solution. 
An alternativelapproach could involve the 
concentration change of another species, 
such’asHCl(aq) onMgCl.(aq), which remains 
inthe aqueous solution. That approach will be 
demonstrated’in worked example 3. 

Finally, use v = 1a to calculate the rate of 
reaction: 4 


_ 0.0448 moldm™ 

= 10s 
According to table 1, the gas volume between 90 
and 100s remained constant, so the reaction was 
complete at 90s. Over the same period, 248 cm? 
(0.248 dm?) of hydrogen was released, so: 


= 0.00448 moldm=?s* 


0.248 dm? 
AnlH) = 57-8 m3 mont = 0.0100mol 
0.0100 mol = 
ActH,) = S769 gq3 = 0-100 mol dm 
za 
v(H) = Somod 0.00111 moldm = s~ 


b. The stoichiometric coefficient of H.(g) is 1, so the 


overall reaction rate is also 0.00111 moldm=?s"!. 


483 


Reactivity 2 How much, how fast and how far? 


© Data-based questions 


Chalk (calcium carbonate) reacts with hydrochloric acid to 
release carbon dioxide: 


CaCO3(s) + 2HCl(aq) > CaCla(aq) + CO2(g) + H20(1) 


A conical flask was charged with 50.0 cm? of 

0.500 mol dm™? hydrochloric acid and powdered chalk, 
plugged with cotton wool to prevent droplets of water 
from escaping but let the gas through (figure 3), placed 
on a digital balance and tared. The balance readings were 
recorded every 30s using a data logger (table 2). 


t/s Am/g 


(0) 
—0.161 
—0.262 
—0.326 
—0.368 
—0.396 
-0.415 
—0.428 
-0.437 
—0.440 
—0.440 


<4 Table 2 Balance 
readings for the flask 
with the reaction 


mixture 


3 


Calculate the rate of reaction, in moldm~s"!, for the 


following time intervals: 
a. between O and 30s 


b. between Os and the moment when thesreaction 
was complete. 


Assume that the solution volume didnot change during 
the reaction. 


<4 Figure 3 Monitoring 
the loss of mass of the 
reaction mixture 


TOK 


Instantaneous and initial 

reaction rates are mathematical 
abstractions, as they referto 
changes in concentration over 
infinitesimally small periods Gf 
time. Nevertheless, these abstract 
quantities are used by chemists 
for various*practical purposes, 
from optimizing reaction yieldsito 
deducing reaction mechanisms. 
Can you think of any other 
examples of how abstract concepts 
are used in science'tto benefit real 
life applications? 


Instantaneous reaction.rate 


lfyou'examine table 1, you will notice that the rate of the reaction between 
magnesium metal and,hydrochloric acid changes with time. Indeed, the volume 
of hydrogen released during the first 10s of the reaction (111 cm?) was more 
than 50 times greater than that produced during the last 10s (2 cm°). Therefore, 
the average reaction rate gives us only a general idea of how fast (or slow) the 
reaction pročēeds over a period of time but tells us nothing about the reaction 
rate at anygiven moment. 


To obtain this information, we need to introduce the concept of instantaneous 

reaction rate, Ves which is defined as the concentration change (dc) over an 

infinitesimally small period of time (dz): 

Vig Idel 
dt 

Like the average rate of reaction, instantaneous reaction rate cannot be negative, 

so it must be calculated using absolute values of concentration changes. If an 

instantaneous rate is measured with respect to a particular substance, it must 

be divided by the stoichiometric coefficient of that substance to give the overall 

reaction rate. The initial reaction rate, Vinit, is the instantaneous rate measured 

at t=O. Both initial and instantaneous rates have the same units (typically 

mol dm~? s7?) as average reaction rate. 


The instantaneous reaction rate, Vins, ata given time, t, can be determined by 
plotting the concentration of a reactant or product against time. If you draw a 
tangent line to the curve at t, the gradient of the tangent line will be numerically 
equal to Vins at t. Similarly, the initial reaction rate, Vint, can be determined by 
measuring the slope of the tangent line at t= Os. 


Reactivity 2.2 How fast? The rate of chemical change 


Worked example 3 


Determine the initial rate, in mol dm™? s71, and the instantaneous rate, in the same units, at 
t= 55s for the reaction of hydrochloric acid with magnesium metal in worked example 2. 


Solution 


First, we need to find concentrations of hydrochloric acid 
every 10 seconds: 


e Att=Os, the initial concentration of the acid 
(0.250 mol dm“) is given in the problem. 


e Att=10s, An(H;) was calculated to be 0.00448 mol 
in worked example 2. The mole ratio of H2(g) to 
HCl(aq) is 1: 2, so An(HCl) at t= 10s is 0.00448 mol x 
2 = 0.00896 mol. Therefore: 


sepa ea 


= 0.0896 moldm? 


To find the concentration of HCI at t= 10 s, subtract 
the change in concentration of HCI from the initial 
concentration: 


c(HCl) = 0.250 — 0.0896 x 0.160 mol dm? 


All other concentrations up to t = 90 s can be@alculated in 
the same way (table 3). 


Now we can plot these concentrations against time and draw 
tangent lines to the curve at t= 0s andit= 55s(figure 4). 


To determine the gradient, we can select any two points on 

each tangent line and divide the difference in théir 

y-coordinates (Ac) by the differencen their x-coordinates (Aq). 
: MASI 

gradient = an 

For the tangent at t = Os, the most obvious point is 

(0, 0.250) while thé second point could be, for example, 

(14, 0.100). In this.case: 

gradiént(0) -Un CE a er 

14-0 

Since:the stoichiometric coefficient before HCl(aq) is 2, the 

overalkinitial rate of the reaction willbe half the absolute 

slope value: 

| gradient(0) |. —0.0107 | 
J » 4 

For the tangentat t = 55 s, two possible points are 

(32, 0.085)rand (780.045), so: 


=0.0054moldm?s"! 


Vinit F 


à, Rec) OF 0.085 87x10" moldm@e 
gradien J -8.7 mol dm=3s 
|gradient(55)| |-8.7 x 10| 
CO = 


2 2 
KAAK IO molds 


0 10 al 20 30 40 


50 60 70 80 | 90 


0.250 | O60 | 0.498 |(0.095)| “0.081 | 0.070 


- + 


| 0.061 | 0.056 | 0.052 


0.050 


A Table 3 Goncentration of hydrochloric acid in the reaction with magnesium metal 


0.250 


0,200 


0.150 


0,100. 


AAC!) / mol dm-3 


0,050 


0.000 


t/s 


<4 Figure 4 Determining initial and 
instantaneous reaction rates from 
concentration changes 


Reactivity 2 How much, how fast and how far? 


Tips for plotting experimental data 

as a graph, drawing tangent lines 

and determining the gradient can For all the values of t listed in table 2, calculate the concentrations of calcium 

be found in the Skills chapter. chloride in the reaction mixture and plot these concentrations againsttime 
on a graph paper. Using the tangent line method, determine the initial 


reaction rate, inmoldm™s"!, and the instantaneous reaction rate, in.the 
same units, att=150s. 


By definition, reaction rates should always be expressed throughithe changes in 
concentration of reactants and/or products. Howéverpreaction rates are often 
expressed through changes in volume, mass of other parameters that can,be 
measured directly in the course of the experiment. In such cases, theunits ofthe 
calculated reaction rate are defined by the chosen parameter. 


Worked example 4 


a. Determine the initial rate, in cm?s"', for the reaction b. Use youranswer to part a to calculate the overall 
of hydrochloric acid with magnesium metal in initiahrate immoldm™> s7, 
worked example 2. 


Solution 
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a. The units cm°s™' suggest that the rate should be b. Initially, the volumeof hydrogen gas released per 


expressed through the volume of hydrogen gas from 
table 1. The plot of V(H,) against time is shown.in 
figure 5. 


To find the instantaneous rate, we need,to draw a 
tangent line to the curve at t = OS and select any two 
points on that line, for example, (O, @) and (2, 160). In 
this case: 
160-0 
12-0 
The stoichiometric coefficient, before Ha(g) isil, so the 
initial reaction rate is numerically equal to the absolute 
slope value: 


gradient(0) = g 13.3 cm 


v a£ lgrdaient(0)| +13.3 cm° s% 


250 {w 


t | 


second from0.100 dm? of the reaction mixture was 
13.3 cm3,.0r.0.01383dm>. Therefore: 


V(H;) E: 0.0133 dm? 
Vao  24.8dm° mol” 


An(H) = = 0.00054 mol 


ai a gt easel SS =3 
as V(solution) 0.100 dm? OOO meld 


lAcI 0.0054 moldm™? 
EN IS 
Note that the vini value for the overall reaction is the same 
as that obtained in worked example 3. 


=Z 000sAmoldm si 


init 


gA = (12, 160) 


(0) 10 AQ) 10) 


50 CGO 70 0 0 


t/s 


A Figure 5 Determining initial and instantaneous reaction rates from volume changes 


Reactivity 2.2 How fast? The rate of chemical change 


G Linking questions 


Concentration changes in reactions are not usually measured directly. What 
methods are used to provide data to determine the rate of reactions? (Tool 1, 
3, Inquiry 2) 

What experiments measuring reaction rates might use time as i) a dependent 
variable ii) an independent variable? (Too! 1) 


The collision theory (Reactivity 2.2.2) 


The kinetic molecular theory (Structure 1.1) describes an ideal gas as a collection 


Practice questions 


2. a. Using the data from 

table 2, plot on agraph 

paper the change insmass 

of the reaction mixture as a 

function of time. 

b. Using the tangent line 
method, determine the 
initial reaction rate in gs7. 

c., Use your answer to part (b) 
to calculate the overall 
initial rate in mòldm™ s, 


of randomly moving particles that co’ 


lide elastically. Elastic collisions do not affect 


the total energy of gas particles, which means that an ideal gas is chemicallyinert 


and therefore has a constant molecu 


ar composition. 


The kinetic molecular theory also s 
gas particles is proportional to the 


ates that the average kinetic energy, E, of 
absolute temperature of the gas. Atabsolute 


zero (OK), the movement of all particles slows down to a pointatwhichithey 
cannot transfer energy to the surroundings and so they cannot get any colder. 
When the temperature increases, the particles move faster and exchange energy 
with one another through collisions. If we know the temperature of an ideal gas 
in kelvin, we can always calculate the average)kinetiqenergy of the gas particles. 
However, such calculations are not required in,DP. chemistry. 


The collision theory expands the kinetic. molecular theory by allowing the 
particles to collide non-elastically and undergo chemical changes. In contrast to 
he kinetic molecular theory, this theorwis not limited to gases and can be applied 
o reacting species in any state of matter. 


According to the collisiontheory, the kinetic energy, of most particles is 
insufficient for breaking chemical bonds. Such particles bounce off each other 
ike billiard balls andfly in opposite directions. These are called unsuccessful 
collisions, as they/do not affect the chemical nature of the colliding particles. 


Collisions redistribute kinetic energy between particles unequally, so some 
particles accelerate while others slow down. A collision between two fast- 
moving particles*might be violent enough to break or rearrange chemical bonds 
and transfornmthe reactants.into products. Such successful collisions lead to 
chémical,changes. 


Imaddition to kinetieenergypthe orientation of colliding particles is also 
important. As an example; consider the following exchange reaction: 


AB.+.CD > AD + BC 


For ajcollision to be successful, existing covalent bonds A-B and C-D must be 
broken,and.new covalent bonds A-D and B-C must be formed. This is only 
possible ifatom A comes into close proximity with atom D, and atom B comes 
into close proximity with atom C (figure 6, top). Collisions in other orientations 
will be unsuccessful, even if the kinetic energies of molecules AB and CD are 
high enough for the reaction to take place (figure 6, bottom). 


O= 


6 60 


A Figure 6 Favourable (top) and 
unfavourable (bottom) orientations of 
colliding molecules 
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Reactivity 2 How much, how fast and how far? 


G Linking question 
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What is the relationship between 
the kinetic molecular theory and 
collision theory? (Structure 1.1) 


> Figure 7 Effect of concentrationon 
the frequency of collisions 


Some reacting species, such as individual atoms and monatomic ions, are 
symmetrical, so the results of their collisions do not depend on orientation. 
Chemical reactions between these species tend to proceed faster than reactions 
involving large and complex molecules, where the orientation of reactants.is 
particularly important. 


In summary, for a chemical reaction to occur, the following conditions.must 
be satisfied: 


1. Two (or more) particles must collide with each other. 
2. The colliding particles must have the correct.mutual orientation. 


3. The sum of kinetic energies of the particles must. be sufficient to,initiate 
the reaction. 


Factors affecting reaction\rates 
(Reactivity 2.2.3) 


It follows from collision theory that the rate of a chemicahreaction is proportional 
to the frequency of successful collisions in a give volume of the reaction mixture. 
Any change in reaction conditions that affectstthe number of collisions per 
second, or the averag@kinetie energy of collidingyparticles, will also affect the 
reaction rate. 


An increase in concentration of a’reactant leads to more frequent collisions 
between the particles of that'reactant and other species, so the reaction rate 
increases (figure 7). Conversely, a déefease in concentration of any reactant slows 
down the réaction. 


low concentration high concentration 


Pressure affects the rates of reactions with gaseous reactants in the same way 

as concentration: an increase in pressure increases the reaction rate, while a 
decrease in pressure has the opposite effect. Unlike gases, liquids and solids are 
almost incompressible, so pressure has no effect on reactions that do not involve 
gaseous reactants. 


In heterogeneous mixtures, the collisions between reactant molecules are 
possible only at the surface where the different phases meet. A phase is an 
individual substance or mixture that has uniform chemical and physical properties. 
Although the term “phase” is often used as a synonym for “state of matter”, 
immiscible liquids can form two or more separate phases with different chemical 
compositions. 


Reactivity 2.2 How fast? The rate of chemical change 


Similarly, each solid substance in a heterogeneous mixture is a separate phase. 
Therefore, the rates of heterogeneous reactions depend on the surface area of 
reacting species. When a solid reactant is broken down into smaller pieces, its 
surface area increases, and so does the reaction rate (figure 8). 


o. ile IN IA 
e © @ © 
o- © © 
~o e. i e. ; = 
A 
Er A 
e 9 e” “e@ o” N a 
ZN / o` 
© 9 


Heterogeneous reactions often proceed more slowly than homogeneous 
reactions, in which the reaction mixture is a single phase. However, when the 
surface area of reactants is extremely large, heterogeneous reactions can also be 
very fast. Combustion of powdered substances, such as flour or coal dust, can be 
very violent, which in the past led to many major explosionsin grain mills and coal 


mines. Similarly, fine powders of active metals ignitesspontaneously in air and react 
explosively with water and acids. For example, the reaction between hydrochloric 


acid and magnesium from worked example 2 would be complete within afew 
seconds if the magnesium ribbon were replaced with magnesium powder. When 
a reaction involves a liquid and a gag), the reaction rate increases when the gas is 
bubbled through the liquid rather than passed,over the liquid surfaces 


Concentration, pressure and surface area affect reaction rates by increasing or 


decreasing the frequency of collisions*between reactingspecies. However, none 


of these factors affects the kinetic energy of colliding particles, so the proportion 
of successful collisions remainsthe same. This proportion depends on the 
temperature of the reactionmixture. 


When temperature increases, the average speed and kinetic energy of particles also 


increase.As particles move faster, they collide with one another more often. At the 
same time)a higher percentageéiof these. collisions become successful, as a greater 


number of particles have sufficient kinetic energy for the reaction to occur (figure 9). 


Thereforeythe rate of almost any. reaction increases with temperature. Conversely, 
low temperature slows down almost all chemical and biochemical reactions. 


< Figure 8 Effect of surface area on 

the frequency of collisions (left: one 
large piece of a solidjreactant, smaller 
surface area, less frequent collisions, 
lower reaction rate; right: several smaller 
pieces of the solid reactant, larger 
surface area, more frequent collisions, 
higher reaction rate) 


@) Thinking skills 


Bacterial activity in food is 

slowed down at low temperatures, 
so refrigerated food remains fresh 
for much longer than that stored 

at room temperature. What other 
examples of chemical activity 
decreasing at low temperatures 
can you think of in the world 
around you? 


<4 Figure9 Effect of temperature on 
the frequency of collisions (left: low 
temperature; right: high temperature) 
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Reactivity 2 How much, how fast and how far? 


Hydrogen peroxide in aqueous solutions decomposes as follows: 


2H,O.(aq) > 2H,O(l) + O2(g) 


The graph in figure 10 shows the volume of oxygen gas released 
reaction as a function of time. S 


volume of gas 


s discussion, while 
earch, for example. One 


you to come up with “cues” that 
the connections with other areas of 
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were written. Effective note-taking is particularly important 
when learning concepts such as the ones covered in this 
chapter, which contain a large amount of interlinked ideas 
and key vocabulary. 


On the internet, search for a reliable explanation of 
Cornell note-taking, then try it out. You might want to 
compare how effective this method is for taking notes in 
class compared to note-taking while you read a certain 
section in this book. Later, reflect on your experience and 
adjust your note-taking strategies as needed. 


Reactivity 2.2 How fast? The rate of chemical change 


Dilute hydrochloric acid reacts with calcium carbonate to 
produce carbon dioxide, water and calcium chloride: 


2HCl(aq) + CaCO (s) > CO(g) + H,O(!) + CaCl{aq) 


The rate of the reaction can be monitored by measuring 
the volume of gas produced over time. 


Relevant skills 


e Tool 3: Calculate mean 
e Tool 3: Plot linear and non-linear graphs 
e Tool 3: Draw lines or curves of best fit 


e Inquiry 1: Identify independent, dependent and 
control variables 


e Inquiry 2: Identify and justify the removal or inclusion 
of outliers in data 


e Inquiry 2: Assess accuracy and precision 
e Inquiry 3: Evaluate the implications of methodological 


e — Inquiry 3: Explain realistic and relevant improvements 
to an investigation. 


A student investigating the effect of the concentration of 
acid on the rate of production of carbon dioxide, carried 
out this reaction at five different concentrations of acid 
using the apparatus shown below. The student recorded 
the time taken to collect 50cm? of gasin the measuring 
cylinder. 


gas collecting in 
measuring cylinder 


hydrochloric acid 
and martle chips 


A Figure] Apparatus for investigating the effect of 
concentration on the rate of reaction 


Calcium carbonate in the form of marble chips was 
added in large excess. The results are shown in table 4. 


weaknesses, limitations and assumptions on conclusions: 


Time taken, t, to collect 
50cm? of CO,/s 


Concentration of | 
HCI /moldm-? 


A Table4 The student's results 


Questions 

1. Identify the independent and dependentyariables in 
the investigation. 

2. Describe two control variables that were, or should 
have been, kept constant) 

3» Identify the outlier. 


A 


The rate of reaction is proportional to L Calculate 1 

for each of the.acid concentrations. 

5. Using graph-plotting software, plot graphs to show: 

a. time taken, f, to collect 50cm? of CO; vs 
concentrationvof HCI 


b. tvs concentration of HCI 

6. Drawlines or curves of best fit on your graphs. 
Explore the effect of including and excluding the 
outlier on the results. Decide whether it should be 
discarded from the data set. Justify your choice. 

8. By referring to the graphs, comment on the relative 
impact of systematic and random errors on the 
outcome of the investigation. 

9. Describe and explain three major sources of error in 
this investigation. 

10. Suggest changes to the methodology that would 
help to eliminate or minimize the sources of error you 
have identified. 

11. Describe and explain one extension which would 
build on the outcome of this investigation. 

12. Outline how you could investigate the rate of the 
following reactions: 

a. magnesium and hydrochloric acid, 
Mg(s) + 2HCl(aq) + MgCl.(aq) + H.(g) 
b. hydrochloric acid and sodium thiosulfate, 

2HCl(aq) + NaS.O3(aq) + 2NaCl(aq) + H2O(!) + SO2(g) + S(s) 
c. bromine and methanoic acid, 

Bra(aq) + HCOOH(aq) > 2Br (aq) + 2H*(aq) + CO2(g) 

13. Formulate a research question that investigates an 
aspect of the kinetics of a reaction of your choice. 
Outline your plan, referring to the Inquiry 1 skills. 
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Reactivity 2 How much, how fast and how far? 


A Figure 12 An analogy of activation 
energy, E, and the reaction enthalpy, AH, 


Enthalpy changes and thermal 
effects of¢hemical reactions are 
discussed. in Reactivity 1.1. 
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G Linking questions 


What variables must be controlled in studying the effect of a factor on the rate 
ofa reaction? (Tool 1) 


How can graphs provide evidence of systematic and random error? 
(Tool 3, Inquiry 3) 


Activation energy (Reactivity 2.2.4) 


The minimum kinetic energy, Ex, of colliding’particles required for the reaction to 
occur is known as the activation energy/E,. 


e When the sum of kinetic energies of colliding particles is less than the 
activation energy (E, < E,), the collision between these particles will always 
be unsuccessful, regardless of theifmutual orientation. 


e When E; > E,, the collisionean be successful if the mutual orientation of the 
particles is correct, 


The concept of activation/energy can be illustrated by a simple analogy. Imagine 
a ball at the bottom ofa hill (figure 12). Onits own, the ball cannot reach the 
lower ground atthe opposite side of the hill. However, if we spend some 
energy and)push the ballOver the top, it will roll down and eventually reach the 
lowest point. In this analogy, the hill height represents the activation energy, E,, 
while the difference in elevation between the initial and final levels of the ball 
represents the reaction enthalpy, AH,. 


The progress ofa chemical reaction can be represented by its energy profile 
(figure 13).The reaction coordinate on the horizontal axis shows the general 
direction of the chemical change from reactants to products, while the vertical 
axis shows\the energy at each stage of the reaction. For an exothermic process 
(AH, < 0), the reactants have a higher energy than the products (figure 13, left), 
sovexcess energy is released in the form of heat. In contrast, an endothermic 
process (AH, > 0) requires energy because the energy of the products is higher 
thah that of the reactants (figure 13, right). 


transition state transition state 


energy 
energy 


reaction coordinate reaction coordinate 


A Figure 13 Energy profiles for exothermic (left) and endothermic (right) reactions 


Reactivity 2.2 How fast? The rate of chemical change 


The activation energy, Ea is equal to the difference in energy between the 
reactants and the transition state. The transition state is the least stable 
arrangement of atoms in the reacting species. In this state, some of the chemical 
bonds in the reactants are broken or weakened while the new bonds have not 
been fully formed. This situation is very unfavourable, as the energy used for bond 
breaking is not compensated by the energy released by bond forming. Therefore, 
the transition state has the highest energy along the reaction coordinate. 


Practice questions 
3. Consider the following reaction that proceeds in a single step: 


A+B>C+4+D AH, = —10k} mol"! 


The activation energy, E, for this reaction is 20k} mol. 
a. Sketch the energy profile for this reaction. 


b. Deduce the activation energy, in k} mol™', for the reaction 
C+ D > A + Bthat has the same transition state as the forward reactions 


The effects of temperature on reaction rates can be explained by analysing the 
distribution of kinetic energies (E;) of reacting species. According torthe kinetic 
molecular theory, the average kinetic energy, Ex, of gasypanrticles is proportional 
to the absolute temperature of the gas. The particles move randomly and collide 
with one another, so their kinetic energies change constantly. Although itis not 
possible to predict the E, value for each individuahparticle, we can plot the 


statistical distributions of these energies atWarious temperatures (figure 14). These 


plots, known as Maxwell—Boltzmann energy distribution curves, show the 
probability of finding a particle with a certain kinetic energy againstithat energy. 
The maximum of the curve shows the kinetic energy of theshighest proportion of 
particles, and the average kinetic energyf all the particles, Ey, is slightly to the 
right of this maximum .The area under the curve represents the total number of 
particles in the sample. 


At moderate temperatures (Zi), the majority ofparticles are unreactive, as 

their kinetic energiesare lower than the’activatiomenergy. As the temperature 
increases to J, the Maxwell—Boltzmann curve flattens and broadens, so its 
maximumYshifts to the right. As a result, the proportion of reactive particles with 
E, > E{ inereases and so does'the reaction rate. 


Ty 


reactive particles 


proportion.of particles 


Eki Ek Ea 
kinetic energy 


A Figure14 Maxwell-Boltzmann energy distribution curves for gas 
particles at two temperatures, where T2 > T; 


The enthalpy changes associated 
with the breaking and formation 
of chemical bonds are discussed 
in Reactivity 1.2. The struétures 
of transition states for,certaifi™) 
reaction types will be discussed in 
Reactivity 3.4. g 


Copy the plot shown in figure 14 
and sketch a third Maxwell— 
Boltzmann curve at a temperature 
T3, where T; < T;. Outline the 

main features of the new curve 

(the position and height of 

its maximum). Predict, with a 
reference to E, and E,, whether the 
proportion of reactive particles at 
T; will be lower, higher or the same 
as that at T}. 
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Reactivity 2 How much, how fast and how far? 


energy 


reactants 


Although the Maxwell—Boltzmann distribution of kinetic energies applies to 
gaseous particles only, the general relationship between reaction rate and 
temperature remains valid for substances in any state of matter. For most reactions 
at moderate temperatures (0-100 °C), the rate increases two to four times when 
the temperature rises by 10°C. 


Catalysts (Reactivity 2.2.5) 


In addition to raising the temperature, the proportion of successful’eollisions in a 
reaction mixture can be increased using a catalyst. A catalyst is a substance that 
increases the rate of a chemical reaction but is not consumed in that reaction. 
Typically, a catalyst reacts with a reactant to form an unstable compound known 
as an intermediate. An intermediate can exist in a reaction mixture for a certain 
period of time. In contrast, a transition state isa particular configuration of atoms 
along the reaction pathway that cannot exist fonany prolonged period oftime. 


A useful analogy ofa reaction intermediates ayencil standing upright on its flat 
end. Although its balance is precarious,,the pencil will not fall until someone taps 
on the table or disturbs the ainin'the room. In contrast, a transition state is like a 
pencil standing uprighton its sharpened tip—the pencil will fall at once, even 
without a disturbance. 


The intermediate undergoes further chemical changes and eventually forms the 
reaction product, releasing the catalyst imian unchanged form. Therefore, the 
catalyst itself is both a reactant and product of the same reaction. 


By providing an alternative pathwayrfora reaction, a catalyst reduces the 
activationenergy of that reaction (figure 15). A catalysed reaction usually 
proceeds in several steps and.involves at least one intermediate and two or more 
transition states. Each step requires less energy than the uncatalysed reaction 
(E;' < E,), so a greatenproportion of collisions between reacting particles are 
successful. 


The overall enthalpy change for the reaction, AH,, is the same with and without 
a catalyst. 


The effect of a catalyst on the reaction rate can also be explained using a 
Maxwwell-Boltzmann distribution curve (figure 16). A lower activation energy 
means that more particles have enough energy to react with one another, so the 
reaction rate increases. 


transition State (uncatalysed) 


reaction progress 


transition states 


(catalysed) : . 
reactive particles 


(catalysed) 
reactive particles 
(uncatalysed) 


proportion of particles 


products 


E’ (catalysed) E, (uncatalysed) ; 


kinetic energy 


A Figure 15 Energy profiles for uncatalysed and catalysed reactions A Figure 16 Maxwell-Boltzmann energy distribution curves for 


uncatalysed and catalysed reactions 


Reactivity 2.2 How fast? The rate of chemical change 


Both temperature and catalysts affect reaction rates by altering the proportion of 
particles with Eù > E,. Arise in temperature does not affect E, but increases the 
average Ex. In contrast, a catalyst does not affect the average E, but reduces E,. 
In both cases, the frequency of successful collisions increases, and so does the 


reaction rate. 


Practice questions 
4.  Sulfur(IV) oxide reacts with molecular oxygen as follows: 


2SO,(g) + O.(g) > 2SO;(g) AH, <0 


In the presence of nitrogen(IV) oxide, the rate of this reaction increases up 


to 10,000 times owing to the following two-step process: 
SO,(g) + NO-(9) > SO3(g) + NO(g) 
NO) + 0.50.(g) + NO.(g) 


a. State the roles of the nitrogen oxides in this process and explain their 


effects on the reaction rate. 


b. Sketch an energy profile showing the uncatalysed and catalysed 
reactions, labelling the reactants, products and any intermediates. 


Biochemical reactions are catalysed by proteins called.enzymes. Without 
enzyme catalysis, many processes in living organisms would be impossible, 
and life itself would not exist in its present form. The efficiency of enzymes 
greatly exceeds the catalytic powenof synthetic catalysts. Someenzymesican 
accelerate reactions as much as 10'° times, So chemical transformations:that 
would normally take millions of years proceed within milliseconds. At the same 
time, every enzyme is very specifieand will usually catalyse only one or very few 


chemical reactions. 


(art) Research skills 


Catalysis ione ofthe green chemistry principles, and a G 
focusiof much chemical research. Catalysts can help to e 
lower the.environmental impaet of a process by reducing 
its energetic demands, and.in some cases, decreasing the 
“ amountof waste. For example,.the now shorter and more 


zeolites in catalytic cracking 
lactase in the digestion of lactose 


organocatalysts, such as proline, in asymmetric 
aldol reactions. 


efficient synthesis of the anti-inflammatory drug ibuprofenis Prepare a five-minute explanation for a non-scientist, 
due to the use of catalysts. Several chemistry Nobel Prizes outlining: 


have been awarded for work relating to catalysis. 


Il. 


Ghoosea catalyst to research, for example: 


e iron in. the production of ammonia 3 


e transition elements in catalytic converters 


The specific problem or issue the catalyst helps 
to address. 
How the catalyst helps to address the problem. 


Social, economic and/or environmental impacts 
related to the use of the catalyst. 
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Reactivity 2 How much, how fast and how far? 


State the effects of various factors on the reaction rate by copying and completing the table below. In each case, assume 
that all other reaction conditions remain unchanged. Some cells are already filled as examples. i 


Factor 


decrease in a reactant concentration 


Frequency of | Average Ex Activation Rate of 
collisions of reacting energy forward 
species reaction 


increase in pressure of a gaseous reactant increases 


decrease in pressure of a gaseous product no change 


increase in volume of a gaseous reaction mixture 


decrease in temperature 


increase in surface area of a solid reactant 


addition of a catalyst 


aons 
at are the f 
catalysts? (Str 


ultistet 
and f 
A io earlier, an intermediate is an unstable compound or other 
lecularspecies that can exist in a reaction mixture for a certain period of 


contrast, a transition state is a particular configuration of atoms along the 
ion pathway that cannot exist for any prolonged period of time. 


ti 


Many reactions involve a series of chemical changes across multiple 
intermediates and transition states. The sequence of these changes along the 
reaction pathway is known as the reaction mechanism. A reaction mechanism 
involves one or more elementary steps. A reaction mechanism with more than 
one elementary step is called a multistep reaction. 


In each elementary step, one, two or (very rarely) three molecular species 
undergo a chemical change through a single transition state and no 
intermediates. The number of species (atoms, molecules or ions) involved in an 
elementary step defines its molecularity: a unimolecular step involves a single 
species, a bimolecular step involves two colliding species, and a termolecular 
step involves three species colliding at the same time. 


Reactivity 2.2 How fast? The rate of chemical change 


Termolecular reactions are very rare because three particles are very unlikely to 
collide with each other at exactly the same time and in the correct orientation. 
This situation is similar to snooker (figure 17), in which two-ball collisions occur all 
the time, while three-ball collisions are uncommon. 


Each elementary step is characterized by its own activation energy, Ea. The slowest 
step, known as the rate-determining step, limits the overall rate of reaction for any 
given concentrations of the reactants. Typically, the rate-determining step has the 
highest E, among all other elementary steps of the reaction. 


The concept of the rate-determining step can be illustrated by a simple analogy. 
Before leaving an international airport, passengers must go through passport 
control and collect their luggage. A long queue at the passport control desks might 
hold the passengers at the airport fora long time, even ifthe luggage has already 
been delivered. In contrast, if there is no queue at passport control but the luggage 
has not arrived yet, the rate at which the passengers leave the airport will depend 
on the rate at which the luggage will appear on the carousel. In the same way, the 
rate of the slowest elementary step determines the rate of a chemical reaction: 


Reaction mechanisms, including intermediates, transition states.and activation 
energy, can be represented by energy profiles. For a single-step reaction, the 
energy profile includes a single transition state and no intermediates. A two-step. 
reaction typically involves one intermediate and two transition states. Use the 
following rules when sketching an energy profile diagram for multistep reactions: 


1. The less stable the species, the higher it appears in the profile. 


2. Reactants are less stable than produets if thereaction is exothermic (AH, < 0) 
and more stable than products ifthe reaction is endothermic (AH, > 0). 


3. An intermediate is less stable.than both the reactants‘and products. 
4. The rate-determining step usually has the highest £, value. 
5. The number of transition states is equal to the number of elementary steps. 


6. The number ofintermediates is equal to the number of elementary steps 
minus ones 


7. Amannotated diagram must have the labels for reactants, products, 
intermediate(s), transition/states and activation energies. 


8. wThey-axis should be labelled “energy” and the x-axis should be labelled 
“reaction coordinate“sor “progress of reaction”. 


TOK 


Thesreaction mechanism is a hypothesis about the sequence of events 

that transform the reactants into products. A correct hypothesis must not 
contradict the experimental data. If two or more alternative mechanisms are 
compatible with the data, further studies of the reaction kinetics are required. 
Hypotheses are falsifiable by any evidence that contradicts them. However, 
no amount of evidence can ever prove a hypothesis to be true with complete 
certitude. To what extent are some things unknowable? 


& Figure 17 Yowan think of balls on 
a snooker table as a model of colliding 
particles invelementary reactions 
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Worked example 5 


> 
SE 
+ 
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Consider the following reaction: 
NO-(9) + CO(g) > NO(g) + CO,(g) 
At low temperatures, the reaction proceeds in two steps. 
step 1 NO,(g) + NO.(g) > NO3(g) + NO(g) 
step 2 NO3(g) + CO(g) > NO,(g) + CO.(g) 
The concentration of CO(g) does not affect the rate of reaction. 
a. Deduce the rate-determining step for this reaction at low temperatures. 
b. Identify the reaction intermediate at low temperatures. 


The overall reaction has a AH, value of —126 kj mol". At high temperatures, the,reaction proceeds 
ina single step. 


c. Using the kinetics data, sketch the energy profiles for this reaction at low and high temperatures. 


Solution 


a. Carbon monoxide, CO(g), participates only in the second’step, of the reaction: Ifthis step\were the 
rate-determining step (RDS), any change in the concentration of CO(g) would.affect the frequency 
of successful collisions of the reactants and’theréfore the overall rate of reaction)However, the 
experimental data show that the concentratiomof CO(g) has noeffect on the reaction rate. Therefore, 
the second step is fast while the first stepris»slow (RDS). 


b. The reaction intermediate is NQ3(g), Which is formed on the first step and consumed on the second 
step. As any intermediate, itdoes nobappear in the overall equation for the reaction. 


c. Atlow temperatures, the reaction proceeds in two steps, So it has a single intermediate, NO;(g), 
and two transition states. The reaction is exothermic (AH, <0), so the products will appear lower in 
the energy profile. The intermediate is likely to be less stable than both the reactants and products 
(otherwise, the reaction would probably stop after the first step). Finally, the activation energy of the 
rate-determining first stepis likely to be higher thah that of the second (fast) step. This is summarized 
in figure 18, 


transition state 1 
transition state 2 


Ea2 
0.5NO3(9) + 0.5NO(9) 


+ CO(g) 


energy 


NOp(g)+ CO@) 
reactants 


products 
reaction progress 


A Figure 18 Energy profile for the reaction at low temperatures 


Reactivity 2.2 How fast? The rate of chemical change 


At high temperatures, the reaction has a single transition state and no intermediates. = 
The relative energies of the reactants and products remain unchanged (figure 19). 


transition state 


NO2(g) + CO(g) 


reactants 


energy 


products 


reaction progress 


A Figure 19 Energy profile for the reaction at high temperatures 


Scientists make provisional explanations, known as hypotheses, using the patterns thatemerge from their 
observations. Results from further experimentation can then refute or supportthese hypotheses. 


Until recently, many reaction intermediates'and all transition states wereyhypothetical species that could not 
observed directly. The development of femtosecond lasers (figuré.20) allowed scientists to detect these species 
and analyse their structures, effectively observing chemical reactions at thetimescales on which they occur. 


f \ \ A 
b . h S 


A Figure 20 A femtosecond (lfs = 107s) laser is used for studying reaction intermediates and transition states 


These studies were pioneered by the Egyptian chemist Ahmed Zewail, the “father of femtochemistry”. He was 
awarded the 1999 Nobel Prize in Chemistry for his works in the field of chemical kinetics. 
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G Linking question 


Which mechanism in the hydrolysis of halogenoalkanes involves an 
intermediate? (Reactivity 3.4) 


Rate equations (Reactivity 2.2.9, 2-2,I0 
and 2.2.11) 


You already know that reaction rates depend on the reactant concentrations. 
Generally, an increase in concentration ofa particular reactant by a certain 

factor increases the reaction rate by a power of that factor. For most reactions, 
this power has a small integer value ranging from O to 2. In other words, forthe 
reaction A + B > C, the rate v depends onithe concentrations of reactants A and 
B as follows: 


væ [A] 
v«[B]” 


where n, m = 0, 1 or 2, Notice that the reaction.rate does not depend on the 
concentrations of products of that reaction: 


The expressions describing the proportionality of the rate to the reactant 
concentrationsican be combinedyinto asingle equation, known as the rate 
equation: 


v=KAl(B)" 


Wwheren, m= 0, 1 or 2 and kis the rate constant. The value of the rate constant 
is specific for each reaction, and its units depend on the values of n and m. The 
integer exponents n and’m are known as the reaction orders with respect to the 
individualreactants.A and B. The sum of these exponents, n + m, is the overall 
reaction order. 


Molar concentrations are often denoted by square brackets around the substance 
formulas or names. For example, the molar concentration of reactant A can be 
denoted as either c(A) or [A]. Similarly, a concentration raised to the n power can 
be written as (c(A))” or [A]”. The second expression takes less space, so it is used 
more commonly. 


In many cases, the rate equation for a multistep reaction can be determined 
from the knowledge of the reaction mechanism and the rate-determining step. 
Conversely, the reaction mechanism can be evaluated using the experimentally 
determined rate equation for that reaction. 


Reactivity 2.2 How fast? The rate of chemical change 


Worked example 6 
Consider the following reaction from worked example 5: 
NO,(g) + CO(g) > NO(g) + CO.(g) 


You saw that at high temperatures, the reaction proceeds 
inasingle step, and at low temperatures, the reaction 
proceeds in two steps: 


step 1 NO,(g) + NO2(g) > NO3(g) + NO(9) 
step 2 NO: (g) + CO(g) > NO.(g) + CO.(g) 
Solution 


a. In worked example 5, we determined that step 1 
was the rate-determining step at low temperatures. 
Therefore, the reaction rate depends on the frequency 
of collisions between two NO,(g) molecules, which is 
proportional to the square of [NO,]: 


v=k[NO,} 


b. The reaction is second order (n = 2) with respectto 
nitrogen dioxide, NO.(g), and zero order (m =0) with 
respect to carbon monoxide, CO(g). Remember that 
any number raised to the zero powerequals One, so 
[CO]? = 1, and therefore the eoncéntratiomof carbon 
monoxide does not appear in the rate'equation. 
Overall, this isa secondorder reaction (n + m= 2). 


Deduce the rate equation for this reaction at low 
temperatures. 


Determine the order of the reaction with respect 
to NO,(g) and CO(g), and the overall/order ofthe 
reaction, at low temperatures. 


Deduce the rate equation for.this reaction at high 
temperatures. 


Determine the order of the reaction with respect 
to NO,(g) and CO(g), and the overall order of the 
reaction, at high temperatures. 


Ifthe reaction proceeds inva single step,then the rate 
of thisbimoleculaPreaction depends on the frequency 
Of collisions between NO3(g) and CO(g) molecules, 
Whichiis proportional to both'[NO,] and [CO]: 


v=K{NO,][CO] 


The reaction is first order (n = 1) with respect to 
nitrogen‘dioxide, NO,{g), and first order (m = 1) with 
respeétite carbon monoxide, CO(g). Overall, this is a 
second order reaction (n + m= 2). 


lt is important to understand that reaction orders depend on the mechanism of 
the reaction and cannot,be deduced from the mole ratio of the reactants. In the 


general case, the reaction aA + bB > cC + dDihas the rate equation v = [A]'[B]” 


’ 


in which n andam.might or might not be equal to a and b, respectively. 


The orders ofrreactants, and therefore the exponents in the rate equation 
can be determined experimentally by measuring the effect that changing the 
concentrations of the reactants will have on the initial rate of reaction. 


For example, consider the hypothetical reaction: 


A+B+C- 


he reaction is second order with respect to B. 


magine that data showed that doubling the concentration of A doubles the initial 
rateof reaction. This means that the rate is proportional to the concentration of A, 
of Vex [A]. Therefore, the reaction is first order with respect to A. 


Doubling the concentration of B quadruples the initial rate. This means that the 
rate is proportional to the square of the concentration of B, or v œ [B]. Therefore, 
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Doubling the concentration of C has no effect on the initial rate, so the reaction is zero 
order with respect to C. Therefore, the overall rate equation would be as follows: 
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= 
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v=AIBP 


The overall reaction order is the sum of the exponents, 1 + 2 = 3, so the reaction 
is third order overall. Notice that the exponent of [A] is 1, so it is notShown inthe 
rate equation, but it contributes to the overall reaction order. 


Once the exponents have been determined, the value of kicambe calculated by 
substituting known values of concentrations and initial rateinto the rate equation. 
The temperature in all experiments must be kept constant because the rate 
constant, k, is temperature-dependent. 


Worked example 7 


Iron(lll) cations are reduced by iodide anions as follows: d. Determine the initial reactiontateat 298K and 
[Fe**] M] = 3:00 x10 mol dm *. 


2Fe?*(aq) + 21 (aq) > 2Fe**(aq) + I(aq) 


The experimental data obtained for this reactionat 298K [aisha | [Fe”] | i] Vinit 
are shown in table 5. /moldm? | /moldm® | /moldm >s” 
, ; T 1 1.00 xT 00 x 10° | 1.62 x 105 
a. ee reaction orders with respect to Fe**(aq) PE T E Te 190x 102| 324x10% 
3 42.00 x 1g? | 200x107} roxot 


b. State the rate equation and the overall reaction order. 
A Table5 Kinetics data forthe reaction between iron(II) and 


c. Calculate the value of the rate constantat298 K and iodide ions at 298K: Source of data: G. S. Laurence and K. J. Ellis, 


state its units. J. Chem. Soc., Dalton Trans., 1972, pp. 2229-2233 
Solution 
a. The concentration ofiedide ions in’experiments lands c, The value of k does not depend on concentrations, so 
2 is the same (1.00 x JO4moldm°), so any change we can use data from any row in table 5. The first row 
in the reaction rate is causedyby the change inthe gives the following: 
concentration of iron(IIIbions. When [Fe] doubles i 
(increases from 1.00 x 10-2 to 2.00 X107? mobedm™), k= Fee 
the rate also doubles (increases from 1.62 x/10™ to 1.62x10=moldm=2sa1 
3.24. x10 moldam s7). Theréforepthe reaction is = (1.00 x 10-2moldm=) x (1.00 x 10-2moldm=2)2 


first Order with'fespect to Fe$*(aq): iG oidmemolezee) 


Imexperiments 2.and 3’, the concentration of iron(II) is d 


Substitute th | f k, [Fes* d [I7] into the rat 
constant (2.00 x 10°2moldm*), so the rate is affected viosiute Wate esol i, [Fe] enellimotierie 


n D o o. equation: 
bythe concentration of iodide ions only. When [I7] 
doubles (increases from 1.00 x 107? to Vinit = k[Fe?*][I- 2 
2.00 x 1072 mol dmg’), the rate increases four times (from 
3,24 10*8te 1,30 x 10~moldm~*s”). Therefore, the = 16.2dm?mol"s” x 3.00 x 10™*moldm™ x 
reactiomis second order with respect to |"(aq). (3.00 x 107? mol dm?) 
b. Rate equation: v = k[Fe**][I-? = 4.37 x 10*moldm™*s™ 


Overall reaction order:1+2=3 


Reactivity 2.2 How fast? The rate of chemical change 


Practice questions 
5. Consider the following reaction and experimental data from table 6: 
Alg) + 2B(g) > C(g) 
Experiment [A]/ mol dm= | [B] /moldm-? Vinit/ Moldm=3 s7! 
1 | 0.020 0.015 2.0 x 10% 
2 | 0.020 0.030 4.0 x 107 
3 | 0.030 0.015 3.0:x 107 


A Table6 Kinetics data for the reaction between A(g) and B(g) at 298K 
a. Deduce the reaction orders with respect to A(g) and Big). 
b. State the rate equation and the overall reaction order. 


c. Calculate the value of the rate constant at 298 K and state itsunits. 


Graphical representations of reaction order 


Orders of chemical reactions can be deduced from their kinetic curves. One 
type of kinetic curve, a rate-concentration curve, represents the relationship 
between rate and concentration in graphical form (figure 21). Bach ofthese 
curves can be constructed from experimental data with five‘or more data points. 


second, 


reaction rate (v) 


(0) 


reactant¢oncentration 


A Figure 21 The rate—concentration curves for zero, first 
and second order reactions 


For azero order reaction, the rate is independent of the reactant concentration, so 
thewate—concentrationicurve is.a horizontal line that intersects the y-axis at v = k. 
For a first order reaction, the rate is proportional to the reactant concentration, so 
the curve is a straight line thatbegins at the origin and has a slope of k. Fora second 
order reaction, the rate isproportional to [AF, so the curve is parabolic, and the k 

is numerically equal tolthe rate at [A] = ] mol dm™. Interpreting rate-concentration 
curves is summarized in table 7. 


Reaction order | Rate equation Curve | k 
(0) v=k horizontal line y-axis intercept 
] v=K{A] sloped line slope 
2 v=k{A}* parabola Vinit at [A] = 1 mol dm? 


A Table 7 Interpretation of rate-concentration curves for reactant A 
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The construction of rate-concentration curves is a time-consuming process, as 
each curve requires a series of kinetic experiments using different concentrations 
of the reactant(s). In contrast, a concentration-time curve can be obtained 

from a single experiment, in which the concentration of a particular reactant is 
recorded at certain time intervals using a data logger (figure 22). 


second 


time 


A Figure 22 Theconcentration-time graph for zero, first and second 
order reactions 


However, the interpretation of these curves is straightforward only in the case of 
zero orderreactions, where the concentration-time plot is a straight line. Fora 


zero orderreact 


ion, the y-axis intercept shows'the initial concentration, [A]o, and 


the ine slopagives —k. The concentration-time curves for the first and second 


order reactions | 
These reactions 
allow you to de 


ook similar, so they cannot be distinguished from sketches. 
can instead, be.répresented by linear plots (figure 23), which 
ermine the rate constant from the line slope. 


Interpreting concentration—time curves is summarized in table 8. 


In[A] 


(0) 


A Figure 23 Linear 


In[A] = —kt + In[Al, 1/[A] = kt + VIAlo second order 
intercept = In[Alp intercept =1/[Alg 
slope = -k slope =k 


VIAI 


first order 


© 


time time 


plots for first order (left) and second order (right) reactions 


Reaction Linear function 
order Equation Slope | y-axis intercept 
(0) negatively sloped line | [A] = —kt + [A] -k | [A] 
] exponential decay In[AJ=—At+In[A] | -k | Inf[A] 
2 hyperbolic decay jy. m ili kK] 
(faster than exponential) | [A] [Alo [Alo 


A Table 8 Interpretation of concentration—time curves for reactant A 
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Worked example 8 


Recall the reaction of magnesium metal with hydrochloric 


Mog(s) + 2HCl(aq) + MgCl,(aq) + H2(g) 


acid: 


In worked example 3, the following concentrations for HCl(aq) were determined (table 9). 


Using the first six data points, determine the order of this reaction with respect to hydrochloric acid. 


10 | 20 | 30 | 40 50 


60 | 70 | 80 


2 


0.160 


0.118 0.095 0.081 0.070 


0.061 ‘0.056 ‘0082 


0.050 


A Table 9 Concentration of hydrochloric acid in the reaction with 


Solution 


The kinetic curve shown in figure 5 (worked example 4) 
may represent either a first or second order reaction. 
Therefore, we need to process the experimental data and 
plot the linear functions from table 8 for these two reaction 
types. The function that produces a linear plot will give us 
the reaction order. 


The initial concentration of HCl(aq) is 0.250 moldm °, 


ae ae: Fae 
so In[HClh = —1.39 and (Hck 4.00 dips mol`". The 


logarithms and reciprocal valuesfor other data points can 
be calculated in the same way (table 1,0). 


[HCI] 
/ mol dm~? 


(0.160), 0.118 |0.095 | 0.081 [0,070 


A” 
= F85 | —2.14 Z352. |—2.66 


847 0.5% 12.3 | 14.3 
A 4, 


A Table 10 The firstsix data points for the concentration of 
hydrochloric acid in the reaction with magnesium metal 


Now we can use the data from table 10 to plot In[HCl] and 
] 


Gh against time (figure 24). 

The second plot is linear, so the reaction is second order 
with respect to hydrochloric acid. Notice that the points in 
this plot deviate slightly from the straight line because of 
random errors in the experimental data. 


2040 | 40 + 50 N 


magnesium metal 


20 30 40 
time/s 


A Figure 24 Logarithmic (top) and reciprocal (bottom) 
concentration-time curves for the reaction of magnesium 
metal with hydrochloric acid 
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Practice questions 
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6. Consider the reaction of magnesium metal with hydrochloric acid, which 
is discussed in worked examples 3 and 8. 


a. Using the instantaneous reaction rates at t = O and 55 s from worked 
example 3, determine the reaction order with respect to,Ahydrochloric 
acid. Round your answer to the nearest integer number, 


b. Suggest one advantage and one disadvantage of this method 
compared to the graphical technique used in workedexample 8. 


r 
G Linking questions > aS AM 


What measurements are needed to deduce the order of reaction for a 
specific reactant? (Tool 1, 3, Inquify.2) 
Gy) Why are reaction mechanisms.only considered as “possible 


mechanisms”? 


What are the rate equations and units of k for the reactions of primary and 
tertiary halogenoalkanes.with aqueous alkali? (Reactivity 3.4) 


The Arthenius equation 
(Redctivity 2.212 and 2.2713) 


Yowalready know that the rate constants are temperature-dependent. This 
dependence is quantitativelydescribed by the Arrhenius equation, which was 
first derived by theSwedish scientist Svante Arrhenius: 


-E 
k=Ae RT 
Inthis equation k is the rate constant, A is the Arrhenius factor, e is the base of 


natural logarithms (2.718...), E, is the activation energy of the reaction, R is the 
ideal gas;constant and Tis the absolute temperature. 


The value of the Arrhenius factor is specific to each reaction, as it takes into 
account the frequency of collisions of the reacting particles with proper mutual 
orientation. The units of A are identical to those of the rate constant, k, so they 
can be derived from the rate equation. 


For simple and highly symmetrical reactant particles, such as individual atoms or 
diatomic molecules, A values are high, because collisions can lead to reaction 
of the particles at any mutual orientation. In contrast, reactions between large 
molecules occur only at specific orientations, so their A values are low. 


For a first order reaction, the units of both A and kare s |, so the Arrhenius factor 
is sometimes called the frequency factor (as frequency is often expressed in the 
same units, s™?). Both A and E, in the Arrhenius equation are almost independent 
of temperature. In contrast, the value of k increases exponentially with temperature, 
askae VT =e". 


Reactivity 2.2 How fast? The rate of chemical change 


The exact rate of this increase depends on the E, value. 


This means that by analysing the temperature dependence of the rate constant 
for a particular reaction, you can determine the activation energy. To do so, the 


Arrhenius equation can be rearranged using the formula In(e*) = x: The Arrhenius equation inboth its 
E linear and logarithmic formsiisigiven 
Ink=—ppt ina in the data booklet. 


Ifyou know two k values for the same reaction at different temperatures, or the 
ratio of these two k values, you can determine E, without knowing the value of A. 


To do this, the Arrhenius equations for k; at T, and k; at T, can be subtracted 
as follows: 


Ink, — Ink, = E, 


E 
2+ InA 
Rr 


a +|nA 
E+ inal 


By using the formula In x — In y = In and cancelling out the terms In A and —In’A) 


the equation can be rearranged as follows: 
(1 _ 1 
k R| T, 


Now the activation energy of the reaction can be found by substituting k, ko, T; 


and T; with experimental data and solving the equation. If the‘;concentrations Practice question 

of all reactants are kept constant, the oe rate shows the same temperature MMA Sista ofa cenainreaction.at 

dependence as the rate constant: A = E Therefore he E, value can also be constant concentrations of all 

determined from the reaction rates (instead ofrate‘constants) at two different reactants increases 8.2 times 

temperatures. when the temperature rises 
from 25 to 45°C. Determine 

The logarithmic form of the Arrhenius equations also useful forthe analysis of the activation energy, in 

reaction kinetics in graphical form, asithe plot ofin k against + is astraight line. k}mol™, of that reaction. 

The slope of this line gives — and the intercept on the y-axis gives In A. 

Worked example 9 -6.0 


The decomposition of nitrogen(V) oxide in thègas 
phaseis a first Order reaction: 


-7.04 
2N20O;(0) —>/2N204l9) + O2(g) 
The plot of In k against Pior thisreaction is shown -80- 
in figure’25. 
rte 
= 
a. ‘Determine the activation energy, Ea, in kmol, ~~ 
for this reaction. -9.0 4 
b. ,Determine the Arrhenius factor, A, and state 
its Units. —10.0 4 


-11.0 
0.0029 0.0030 0.0031 0.0032 0.0033 0.0034 


1/T/ K7 


> Figure 25 Plot of Ink against L forthe 
decomposition of N.O;(g) 
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Solution 


a. 


To determine the activation energy, we need to 

choose two points on the line as far apart as possible, 

for example, (0.00302, —6.8) and (0.00334, —10.8). 

For the linear form of the Arrhenius equation, the line 
i Be i 

slope gives Rin K. Therefore: 


E,_ _ — 6.8 — (-10.8) 
R 0.00302 — 0.00334 
=—-12500K 


You can find Æ, by substituting the value of R into the 
expression for the slope: 


E 
Samer = 712500k 
E,=—(-12500K x 8.31] K mol”) 
=104.000}mol™ 
=104k)mol™ 


The E, values for many chemical reactions fall into a 
narrow range (50-100 kj mol"), so the rates of different 
reactions show similar temperature dependence. 
Remember that for most reactions at moderate 
temperatures (0-100 °C), the rate increases two to four 
times when the temperature rises by 10°C. 


b. 


First, choose any point on the line, for example, the 
point (0.00296, —6.02). This gives the following,wvalues: 


Ink = —6.02 


to -1 
z = 0.00296 K 


From part a, we know that the gradientis as follows: 


[BRS 
as 12 500K 
Then, substitute these valuesinto the logarithmic formof 


the Arrhenius equation (Ink = 2E, InA) and solve for A: 


RT 
—6.02 = -1 2500Kx0.00296 K” +nA 


InA = 30.98 
A fe? [B65 x 10" 


The Arrhenius factor, A, has the same units as the rate 
constant, k. Therefore; you should construct the rate 
equation and find'the units.of k. The decomposition of 
N,O3(g) is a first order reaction, so it has the following 
rate equation: 


V=k[N2Os] 


If the rat@is measured in moldm™ s7 and [N2Os] 


iNimoldm=?, then the units for kare s7, 


SOA — 2S5 X TOLSE 


In this practical, you wilhdetermine the activation energy 
of a reaction of your choice. 
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Relevant skills 


Joo! 1: Addressing,safetyof self others and 
the @nyironment 


Tool 2: Use technology toyrepresent data in 
graphical form: 


Tool: Interpret features of graphs including gradient 


Inquiry: Develop investigations that involve hands- 
on laboratory experiments 


Inquiry 1: Design and explain a valid methodology 


Inquiry 1: Pilot methodologies 


Inquiry 1: Maintain constant environmental conditions 
of systems 


Inquiry 2: Assess validity and reliability 


Safety 


Wear eye protection 


Conduct a full risk assessment. Consider all the 
substances and methods used, as well as the 
behaviour of all substances when heated 


Minimize the amounts of substances used 


Dispose of all substances appropriately 


Reactivity 2.2 How fast? The rate of chemical change 


Choose one of the following experimental procedures to carry out: 


hydrochloric acid 


Reaction | 


Method for monitoring rate 


“Sulfur clock”: sodium thiosulfate and | Due to the gradual formation ofa sulfur precipitate, you can measur&thetime 
taken for the reaction mixture to obscure a mark below the flasks 


Decomposition of hydrogen 
peroxide, catalysed by catalase, 
copper(ll) ions, or iodide ions 


Due to the formation of oxygen gas, you can measure the rate of oxygen 
production with a gas syringe, or by collecting the gas over water, irfan 
inverted measuring cylinder. 


“lodine clock”: hydrogen peroxide 
and iodide ions, in acid solution and 
in the presence of thiosulfate ions 
and starch 


The reaction involves multiple steps. In the last step, theyreaction mixture 
undergoes a sudden change from colourless to blue-black when there is no 
more thiosulfate left to react with the free iodine produced in an earlier Step. 
You can therefore measure the time taken for the colour change to Occur. 


Reduction of permanganate ions by 
ethanedioate ions in acid solution 


The solution is decolorized as the purple manganate(VIl) ions, MnOx (aq), are 
consumed, so you can measure the time taken for this colour change tô happen. 


A chemiluminescent reaction, such as 
that in a light stick (figure 26) 


Method 


ik 


Conduct background research to determine a basic 
procedure that you will follow. Do not forget.to cite 
all sources appropriately. 

Have your risk assessment checked by your teacher, 
and act on any feedback given. 

Liaise with your teacher to obtain‘and,prepare the 
reagents required for your preliminary trials. 
Conduct the reaction at room temperature to get 

a sense of how toicarry it out. Make note of any 
adjustments you need to make to the concentrations. 
of solutions, volumes, equipment sizes, etc. 

Repeat the reaction, this time at a higher temperature 
for example, 50°C, checking whether itis. safe to 
doso first)NYou will need to devise away, to maintain 
the reaction mixture at a constant,temperature and 
monitor the’temperature to see if it varies during 

he reaction. 

Once you have made the necessary changes to your 
materials and method, collect reaction rate data 

or at least five different temperatures. Repeat the 
experiment three times at each temperature. 


Process your data to compute the rate, or an 
approximation of the rate of reaction. Depending on 
yourchosen reaction and method, this could involve: 
* à Determining the initial rate of reaction by drawing 
a tangent line at (0,0) on graphs of volume, 
concentration or absorbance against time 
or 
e Calculating Lior each of the times measured. 


A 


In the absence of other light sources),the light intensity ofthe reaction can be 
| measured by a digital sensor (or Suitable smartphone app) 


Using appropriate software, construct an Arrhenius 
plot of the data. 

Draw a line of best fit and determine the gradient. 
Calculate the experimental value for the activation 
energy of the reaction you chose. 

If possible, compare your experimental value to the 
literature value by calculating the percentage error. 
Comment on the validity and reliability of the value 
you have obtained. 


. Outline some of the possible sources of error. 


Figure 26 Chemiluminescent reactions produce light. 


When the thin glass vial inside a light stick is snapped open, the 


reactants are mixed, and a spontaneous reaction occurs. Some 


energy of this reaction is released in the form of visible light 
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End of topic questions 


Topic review Extended-response questions 
1. Using your knowledge from the Reactivity 2.2 topic, 4. The questions below refer to the experiments 
answer the guiding question as fully as possible: described in question 2. 
How can the rate of a reaction be controlled? a. Explain the shape of curve 1 from figure 27 in terms 
x of the collision theory. 
Exam-style questions b. Using the same graph, sketch,.the third curve that 
Multiple-choice questions would be produéed. if the original experiment were 


i run at a lower temperature. 
2. Excess magnesium powder was added to a beaker 


containing dilute hydrochloric acid. The mass of the 


beaker and its contents was recorded and plotted 
against time (figure 27, curve 1). 5. Calcium oxide reacts with carbon dioxide as follows: 


CaOl(s) + COXg) > CaCO;(¢) 
Excess calcium oxide was placed into a pressurized 
vessel. with a volume of 1.00 dm3. The vessel was filled 


c. Using a different graph, sketch the concentration of 
Mg?*(aq) ions against time for expefitnents Tañd 2 


2 71 with gaseous carbon dioxide and sealed off. A constant 
E temperature of 25.0°C was maintained during the 
9) whole experiment. The plot of the pressure inside the 
< Figure 27 Mass Vessel against time isshown below. 
of the beakeras a 300 


time function of time 
Which change could produce curve 2 in figure 27? 
A. Increasing the temperature 
B. Using the same mass of Mg ribbon 
C. Doubling the mass of powdered Mg 


pressure / kPa 


D. Using the same volume of concentrated HCl(aq) 


= 3. Thiosulfate ions, S20% (aq), are oxidized by hydrogen 
ae j 
<q peroxide, H,O,(aq), as follows: 
H,O,(aq) + 25,077(8q) % 2H4aq) > S.0."[aq) #24201) © S W $ W 25 W 8 Æ 
Which graph is consistent with the experimentally time/min 
deterpinedrat&equatión, v = k[H203][S30;°3]? a. Using the ideal gas law (Structure 1.5), calculate the 
A B. concentrations of CO,(g) in the vessel at t=O, 5, 
10, ..., 40min. Assume that the volume occupied 
= O by solid substances is negligible. 
T E b. Calculate the average reaction rate, in moldm™® min", 
0 o for the period between O and 20min. 
[S203%] [S2032] c. Plot the concentration of carbon dioxide against 
time on graph paper. 
€ D. d. Using the tangent line method, determine the 
A > initial reaction rate and the instantaneous reaction 
g 2g rate att= 10min. 
e E 6. Consider the following process: 
0 57032 0 5,032] 3IT(aa) + H2O-laa) + 2H*(aq) > l3~(aa) + 2H20(1) 


Over a period of 2.0 min, the concentration of 
iodide ions in the solution decreased from 0.050 to 
0.020 mol dm™. 
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Reactivity 2.2 How fast? The rate of chemical change 


a. Calculate: 
i. average reaction rates, in mol dm™? s™', with 
respect to I(aq) and H30,(aq) 
ii. overall average reaction rate expressed in the 
same units. 
b. Sketch a graph to show the changes in 
concentrations of I"(aq), H2O2(aq) and |3 (aq) 
over time. Assume that the initial concentrations 9 
of (aq) and H2O-(aq) were equal, and the initial ` 
concentration of l3~(aq) was zero. 
c. Suggest how the change in concentration of 
iodine, l.(aq), could be monitored. 
d. The experiment was repeated with the following 
changes: 
i. the concentration of H2O.(aq) was doubled at 
constant temperature 
ii. the reaction was carried out in a pressurized 
vessel at 200 kPa instead of 100 kPa 
iii. the temperature of the reaction mixture was 
owered by 5°C 
iv. the solution of iodide ions, |"(aq), was prepared 
rom a fine powder of sodium iodide, Nal(s), 
instead of large crystals of this compound. 


10. 


For each of the changes, predict, stating areason, its 

effect on the rate of reaction. 

Phosgene, COCls, is usually produ¢ed by thereaction 

between carbon monoxide, CO Pand chlorine, Clo, 

according to the equation: Til, 

CO(g) + Cl.(g) > COCI(g) MAH, =—108 k) molF 

a. Sketch the potential energy profile for the synthesis 
of phosgene, indicating both the enthalpy of 
reaction andthe activation energy. 

b. This reaction is normally carried,out using a catalyst. 
Sketehtasecond curve labelled “catalysed” on the 
diagram to indicate the effectof thercatalyst. 

c.g Sketehas/Maxwell-Boltzmann energy distribution 
cunve-for gaseous reactants ata certain temperature. 

d»Using yoursketch from part c, explain the effect of 
catalyst on the reaction rate. 


Nitrogen(Il) oxidesreacts with chlorine as follows: 
2NO(g) #°Cl.(g) > 2ZNOCIg) 

The following experimental data were obtained for this 
reaction at 260 K: 


Ink 


[NO] [Cla] Vi 
/moldm? /moldm? | /moldm=?min™ 
150X10 LO S< lO 5205108 
T500 S 00X10 1.06 x 10° 
SOO)S< 10 2100x lO A24 XOR 


a. Deduce the reaction orders with respect to Cl,(g) 
and NO(g). 


b. State the rate equation and the overall reaction order. = 


Calculate the value of the rate constant at 260 K. < 
The reaction proceeds in two steps: 
step] 2NO(g) > N2029) 
step2 N,O,(g) + Cl-(g9) > 2NOCI(g) 
d. Using the rate equation deduced in.part,(5)y identify 
the rate-determining step (RDS)iin this reaction. 


Consider the following two-step reaction mechanism: 
N2O(g)x%, Na(g) + Olo) 

N2@(g) + Olg) -N2(g) + O.(g) 

a. Formulate the equation for the overall reaction. 


b. Identify therole (reactant, product or intermediate) 
of each species involved in the reaction 
mechanisme 


step 1 (slow) 
step 2 (fast) 


cH? Identify the molecularity of the rate-determining step. 


oe 


Deduce the rate equation of the overall reaction 

and state the overall reactionorder. 

e. The overall reaction has a AH, value of —164.1 k} mol”. 
Sketch the energy, profile for this reaction. 

The rate constants ofa certain reaction at 30 and 60°C 

are 0.183,and 5.45 dm?mol™'s", respectively. 

a. Identify the overall order of this reaction. 

b. | Determine the’activation energy, in kJ mol”, of 
the reaction. 

c. Galculate the rate constant, in dm? mol”! s7, of this 
reaction at 45 °C. 

Chlorine monoxide, ClO*, is an unstable radical 

that plays an important role in the process of ozone 

depletion. In the absence of ozone, chlorine monoxide 

decomposes as follows: 

2ClOe°(g) > Cl,(g) + O.(g) 

Kinetics studies show that this reaction has the second 

order with respect to ClO*(g). The plot of In k against 

1/T for this reaction is shown below. 


6.0 


Sosi 


40 | 
0.0028 0.0030 0.0032 0.0034 0.0036 0.0038 0.0040 
WEK 
a. Determine the activation energy, E,, in k} mol”, for 
this reaction. 


b. Determine the Arrhenius factor, A, for this 
reaction and state its units. 511 
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REENA How far? The extent of 
chemical change 


bad 
How can the extent of a reversible reaction be influenced? Po ) 
Chemical reactions are often reversible, which means that pressure and concentrations of reacting species” The 
they can proceed both forwards and backwards at the optimum conditions for a chemical process can be 
same time. In most practical situations, chemists want to determined using Le Chatelier’s principley which enablés 
maximize the yield of the target product by facilitating the chemists to predict the effects of specific changes i in these 


forward reaction and suppressing the reverse reaction. conditions on the extent of a reversible reaction. 
This goal can be achieved by controlling the temperature, : ; 


Understandings 


Reactivity 2.3.1—A state of dynamic equilibrium is 
< 


reached in a closed system when the rates of forward and 
backward reactions are equal. 

Reactivity 2.3.2—The equilibrium law describes how 

the equilibrium constant, K, can be determined from thef "X 
stoichiometry ofa reaction. 0 Á 
Reactivity 2.3.3—The magnitude of the equilib ~ 
constant indicates the extent of a reaction at ae 
and is temperature dependent. 

Reactivity 2.3.4—Le Chatelier’s ed 

the prediction of the qualitative’ effects i 4 . in 
concentration, temperature and este a system 


at equilibrium. A, ‘fs | “KRY 


Dynamic equilibrium (Reactivity 2.3.1) 


y change, AG, can both be used to 
position of an equilibrium reaction. 


Many physical and chemical changes are reversible, so the interconversion 

of reactants and products can proceed simultaneously in both directions. In 

“equations that represent reversible changes, the reaction arrow (—) is replaced 

with the equilibrium sign (=), which symbolizes the bidirectional nature of the 
h , process. For example, the evaporation of liquid bromine, Br-(l) > Br.(g), and 
Q Yy the condensation of gaseous bromine, Br2(g) > Br2(l), can be represented by a 
A single equation: 


a Á \ Br(l) = Br(9) 


TOE If a reversible change occurs in a closed system, it eventually reaches the state of 
j A dynamic equilibrium, in which the rates of the forward and reverse processes are 
equal. For example, if we place a small quantity of liquid bromine into a closed 
flask, some of the bromine will evaporate (figure 1). The evaporation will increase 
the concentration of Bra(g) in the flask and the frequency of collisions between 
gaseous molecules, some of which will lose energy and return to the condensed 
phase, Br,(I). 


Reactivity 2.3 How far? The extent of chemical change 


A Figure] The colour of gaseous bromine ina closed flask first darkens and then 


remains unchanged when the state of dynamic equilibrium between Br2(g) and Bra(I) 
is reached 


At some point, the rate of evaporation will equal the rate of'eondensation, so 
here will be no further changes in the amounts of Br2(g) and/Br,(I),present in the 
lask (figure 2). Both phases will remain in dynamic equilibriumindefinitely unless 
here is a change in external conditions, suchas temperature or pressure, 


7) 
@ 
7) 
Po 
e 
(=) 
@ ooa 6 


liquid phase gaseous phase 


A Figure 2 Ina dynamic equilibrium, the forward.and reverse reactions occur at equal rates 


Equilibrium is a dynamic statey in which two or more ongoing processes perfectly 
balance one anothersThis means that each participating species is consumed 
and produced at the same rate. Although this might give the illusion that no 
change is occurring duringxdynamic equilibrium, all components of the mixture 
are constantly being transformed into one another. In other words, the changes 
at equilibrium-stop only at the macroscopic level but not at the microscopic level. 


The,dynamic nature of equilibrium can be observed experimentally. Naturally 
oécuirring bromine is a mixture of two stable isotopes, “Br (51%) and ®'Br (49%). 
Imagine.thatwe have allowed the system shown in figure 1 to reach equilibrium 
and then replaced some of the liquid bromine with the same quantity of 
radioactive bromine, ®°Br,(l). The concentrations of both liquid and gaseous 
bromine will not change, but radioactive ®°Br, molecules will appear in the 

gas phase almost immediately. This is only possible if the evaporation and 
condensation of bromine continues even after the dynamic equilibrium has 
been established. 
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Figures 1 and 2 illustrate a heterogeneous equilibrium, in which the two 
participating species, Br,(l) and Br2(g), are present in different phases. Another 
type of heterogeneous equilibrium is established between a solid substance and 
its solution if the solid substance is present in excess. If we mix excess sodium 
chloride, NaC\(s), with water, the salt will begin to dissolve and form aq 

ions, Na*(aq) and Cl(aq). Some of these ions will recombine and preéipitate out 
of the solution as solid sodium chloride: 


NaCl(s) —2ssolution_. Na¥(aq) + CHaa) 
precipitation 


Initially, the rate of dissolution greatly exceeds the,rate 
left). However, as the concentration of aqueous‘ 


a dynamic equilibrium is established. 


initial 


S 


Some salts are described as 
insoluble in water. In practice, 
minuscule amounts of these salts 
can still dissolve in water, so traces 
of respective ions can be detected 
when analysing these salts in 
aqueous media. The resolution o 
detection methods has increased 
over time, allowing us to detect 


Nat(aq) 
Cl j 
Nat(aq) fe 


a hal w ic equilibrium in a saturated solution of sodium chloride 


my, f has the highest possible concentration of the solute under 
gi nditions. An unsaturated solution contains less solute than possible, so 
can dissolve an additional quantity of that solute under given conditions. The 
hest possible concentration of the solute in a solution under given conditions 
is known as the solubility of that solute. 


N Chemical equilibrium 
& Reversible chemical reactions can proceed in both directions at the same time. A 


typical example of a reversible chemical change is the reaction involving gaseous 


Å nitrogen, hydrogen and ammonia: 
N2(9) + 3H2(9) = 2NH,(g) 
In this reversible reaction, two processes take place: the synthesis of ammonia 


from nitrogen and hydrogen (forward reaction) and the decomposition of 
ammonia into nitrogen and hydrogen (backward reaction). The equilibrium sign 
in this equation tells us that both processes take place simultaneously, so reactant 
and product molecules are constantly interconverted. 


Reactivity 2.3 How far? The extent of chemical change 


The concept of reactants and products in a reversible process is somewhat 
ambiguous, as the same substance can be a reactant in the forward reaction but 
a product in the reverse reaction. However, in DP chemistry, species on the left of 
the equilibrium sign are referred to as reactants, and species on the right of the 
equilibrium sign are referred to as products. 


The main direction in which a reversible reaction will proceed depends on 

the initial concentrations of all participating species. For example, if the initial 
mixture contains only nitrogen and hydrogen, only the forward reaction takes 
place: some molecules of nitrogen and hydrogen combine to form ammonia. 
Over time, the concentrations of nitrogen and hydrogen in the reaction mixture 
decrease while the concentration of ammonia increases (figure 4a). 
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O 20 40 60 80 100 O 20 40 60 80 100 
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A Figure 4 Concentrations of N2(g), H2(g)and NH3(g) in reaction mixtures approaching 
equilibrium at 475 K 


Once the molecules.of ammonia appear.in the reaction mixture, the reverse 
reaction.becomes possible, so these ammonia molecules begin to decompose 
into nitrogen and hydrogen. This process accelerates as the concentration of 
ammonia increases. At the same time; the forward reaction slows down, as 

the mixture;contains fewer and fewer molecules of nitrogen and hydrogen. 
Eventually, the rates ofthe forward and reverse reactions become equal, and the 
concentrations of all thrée substances (nitrogen, hydrogen and ammonia) remain 
constant even though, the forward and reverse reactions continue. This state is 
known as chemical equilibrium. 


Chemical equilibrium can be achieved from any initial state of the system. In 

figure 4ay,the initial mixture contained 1.00 mol dm of nitrogen, 3.00moldm* 

of hydrogen and no ammonia, while the equilibrium concentrations of these 

species were 0.50, 1.50 and 1.00 mol dm”, respectively. The same equilibrium 
concentrations of all three species will be produced if we start the reaction with 

2.00 moldm? ofammonia only, with no nitrogen or hydrogen in the initial mixture 
(figure 4b). In this case, some ammonia will decompose into nitrogen and hydrogen: 


2N H3(g) = N(g) + 3H2(g) 
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As the process continues, the concentration of ammonia will decrease, while the 
concentrations of nitrogen and hydrogen will increase. Eventually, the rates of 
forward and reverse reactions will become equal, and the state of equilibrium will 
be established. 


In summary, when a system is at equilibrium: 


e chemical and/or physical changes continue at the microscopic level 
e forward and reverse reactions proceed at equal rates 
e concentrations of reactants and products remaimconstant 


e macroscopic properties of the system, such a$,colour or density, 
remain unchanged 


e the same equilibrium state can be achieved from either direction. 


The equilibrium law (Reactivity 2.3.2. and 
Reactivity 2.3.3) 


When a chemical system is at equilibrium, the ratio of the equilibrium 
concentrations of reactants and products raised.to the power of their 
stoichiometric coefficients is a constant, ifthetemperature is kept constant. 
This observation is known as the equilibrium law, and the constant is called the 
equilibrium constant, K. 


Consider the general case ofa chemical equilibrium involving several species 
with various stoichiometric coefficients: 


AAt DB +... = xX + yoke 


In the K expression, the products of the forward process (X, Y, ...) appear in the 
numerator while’the reactants of the forward process (A, B, ...) appear in the 
denominator: 
-rrj 

AS TAPBP- 
The use of square brackets and the omission of state symbols saves space and 
focuses our attention on the most important information about the system at 
equilibrium. For the same reason, K values are treated as unitless quantities, 
although all equilibrium concentrations must still be expressed using appropriate 
units (typically mol dm™’). 


For example, here is the K expression for the synthesis of ammonia from nitrogen 
and hydrogen: 


N0) + 3H) = 2NHJg) K= NHL, 
[N-]H:] 
If a reaction takes place in a solution, the concentration of solvent does not 
change significantly during the reaction, so itis not included in the K expression. 
For example, the K expression for the hydrolysis of an ester in an aqueous 


solution does not include the concentration of water: 


[HCOOHIICH,OH] 
HCOOCH:{aq) + H2O() = HCOOH(aq) + CH3;OH(aq) K= ~ [HCOOCH:] 


Reactivity 2.3 How far? The extent of chemical change 


However, if the same reaction takes place in anon-aqueous solution, water 
is treated as any other reactant, so its concentration must be included in the 
K expression. 


Worked example 1 


Calculate the K value for the synthesis of ammonia at 475 K, using the data 
from figure 4. 


Solution 
First, write the K expression for the reaction: Practice questions “ $, 
NH4 N 
K= ee 1a.) State the K expressiomfor 
Then input the values of concentration at equilibrium into the expression: the following equation: 
1.002 , 2NH;(g) — N,(g) + 3H3(g) 
=050x 1.50" b._,ldsing thédata from figure 
=0.59 4, calculate the K value for 


this process. 


For any given process, the value of the equilibrium constant depends on 

temperature, but not on other reaction conditions, such as pressure or 

concentration. For example, if we increase the initial concentration of 

N,(g) from 1.0 to 2.5 mol dm, the state of equilibriumin the.reaction 

N-(9) + 3H.(g) = 2NH3(g) will be achieved atdifferent concentrations of 

nitrogen, hydrogen and ammonia (figure 5). However, these new concentrations 

(1.85, 1.13 and 1.25 mol dm”, respectively) will stilligive the same value of.K: 
1252 
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Aw Figure 5 Concentrations of N2(g), H2(g) and NH3(9) in a reaction 
mixture approaching equilibrium at 475 K 


The value of K provides important information about the direction and extent of 
the spontaneous process under standard conditions. If K > 1, the products are 
favoured over the reactants, so the forward reaction will proceed spontaneously 
until most reactants are converted into products. 
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The relationship between K and 
AG® will be discussed in the AHL 
section of this topic. 


Conversely, if K < 1, the reactants are favoured, so the reverse reaction will be 
spontaneous, and the reaction mixture at equilibrium will consist predominantly 
of reactants. Finally, if K = 1, the equilibrium will be established at approximately 
equal concentrations of reactants and products. However, the exact ratio 
between these concentrations will depend on the stoichiometric coefficients.in 
the equation. 


Chemical reactions with very large and very small K values are practically 
irreversible. If K >> 1, the forward reaction is favoured so strongly that the extent 
of the reverse reaction becomes negligible. In other words, the reaction with 
K>> 1 will proceed from left to right until the reactants are used up completely. 
In contrast, when K << 1, only the reverse reaction.will be observed while the 
forward reaction will not proceed to any noticeable extent. 


The value of K for a given reaction depends on the stoichiometricratio of 
reactants and products. Ifall stoichiometriecoefficients are halved, thenew K will 
be the square root of the original constant (table.1). Conversely, ifthe coefficients 
are doubled, the K will be squared, Finally,if the equation is reversed, the new K 
will be reciprocal to the original.constant. 


Change in the equation Effect on the K value 


coefficients halved K'= VK 
coefficients doubled Ki= K? 
™ N 
equationreversed K=- 
K 
two equations added together K'=K\xX K, 


‘A Table 1 The equilibrium constant and reaction stoichiometry 


á Worked example 2 


At 475k, the équilibrium constant K for the reaction 
N,(g) + 3H.(g) = 2NH;(g) has a value of 0.59. 
~ Calculate the K' values for the following reactions at the same temperature: 


Q2NH.(g) = N29) + 3H,(9) 
7b. NHz(g) = 0.5N-() + 1.5H,(g) 
Solution 


a. According to table 1, fora reversed reaction K’ = Fso: 


raS 
Oso 


b. The stoichiometric coefficients in reaction (b) are halved, as compared to 
those in reaction (a). According to table 1, K’ = 1.7 = 1.3. 


G Linking question 


How does the value of K for the dissociation of an acid convey information 
about its strength? (Reactivity 3.1) 


Reactivity 2.3 How far? The extent of chemical change 


Le Chatelier’s principle (Reactivity 2.3.4) 


Chemical equilibrium is a dynamic process, so it can be easily disturbed by 

any change in the reaction conditions, such as temperature, pressure or the 
concentrations of reacting species. The effects of such changes can be predicted 
by using Le Chatelier’s principle, which was formulated at the end of the 19th 
century by the French chemist Henry Le Chatelier: 


If a dynamic equilibrium is disturbed by a change in the reaction conditions, 
the balance between the forward and reverse processes will shift to 
counteract the change and return the system to equilibrium. 


nother words, a system at equilibrium will counteract any changes in 
concentration, pressure or temperature by altering the rates and spontaneity of 
he forward and backward reactions until a new equilibrium is established. Ifthe 
orward reaction becomes more favourable than the reverse reaction, we say that 
he position of the equilibrium shifts to the right. Conversely, if the backward 
reaction becomes more favourable than the forward reaction, the equilibrium 
position shifts to the left. Shifting the equilibrium position to the rightincreases 
he concentrations of products, and shifting the equilibrium to the leftincreases 
he concentrations of reactants. 


Effect of concentration on equilibrium 


magine an equilibrium mixture of nitrogen, hydrogen and ammonia. The 
emperature is 475 K and the concentrations argas follows: [N2] = 0.50 moldm-3, 
H2]= 1.50 mol dm, [NH3] = 1.00 mol dm™. 


= @ 1.007 _ 
Ng) + 3H1g) = 2NH;9) K=O egy 7 eos = 9-59 
The changes in concentrations of the reacting species overtime are shown in 
figure 6. 
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A Figure 6 The effect of a concentration change on the equilibrium position 


Initially, the concentrations of all three gases remain constant, as the mixture 
is already at equilibrium, and the rates of the forward and reverse reactions 
are equal. At t= 40s, we disturb the equilibrium by injecting more hydrogen 
into the reaction mixture, so the concentration of H,(g) increases from 1.5 to 
3.0moldm™. 
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This change in concentration leads to more frequent collisions between 
hydrogen and nitrogen molecules and so increases the rate of the forward 
reaction. As a result, the concentrations of hydrogen and nitrogen in the reaction 
mixture decrease while the concentration of ammonia increases. In other words, 
the system counteracts the presence of excess reactant (hydrogen) by converting 


Practice questions it into product (ammonia) and shifting the equilibrium position to thefight. 

2. Outline how the following The new equilibrium concentrations of nitrogen, hydrogen and ammonia (0.28, 
changes will affect the 2.33 and 1.45 moldm °, respectively) still satisfy the K expression: 
equilibrium position and the 2 
K value of the reaction 0.28 x 2.333 : 


Nog) + 3H2(9) = 2NH3g): The opposite effect would be observed if we increased the concentration 


of ammonia instead of hydrogen. Since ammonia is the product, its higher 
concentration would accelerate the reverse reaction and shift the equilibrium, 


a. increase in concentration 


of nitrogen 
position to the left. In this case, the system Would counteract theypresence. of 
b. decrease in concentration excess product (ammonia) by converting it into reactants((hitragen and hydrogen). 
of ammonia. 
Case study: the chromate=dichromate equilibrium 
Le Chatelier’s principle canbe studied in a school laboratory using the following 
reversible reaction: 
2CrO,? (aq) 427+ (aq) = CrO- (ag)=AH OU) 
chromate dichromate 
(yellow) (orange) 
The colours of transition metal Both.chromate.and dichromate ions contain a transition metal, chromium(VI), so 
ions are discussed in Structure 3.1 they are brightly coloured (figure). Therefore, any change in the equilibrium 
(AHL). The concentrations of position can be detected by observing the colour of the solution. 


chromate and dichromate ions i : . : 
FPAtealitienteaniaennccctied If we add a small amount of acid to a solution of CrO,? (aq), the concentration of 


spectrophotometry (Strueture 1.4). H*(aq) ions in the solution increases. To counteract this change, some hydrogen 
ions will react withkchromate ions to produce dichromate ions. The equilibrium 
position will shift to the right, so the solution colour will change from yellow 
to orange) 


The opposite effect can be achieved by the addition of an alkali. The alkali will 
neutralize the acid, decreasing the concentration of H+(aq) ions in the solution: 


H+(aq) + OH (aq) > H,O(1) 


This change will favour the reverse reaction that will increase the concentration of 
H*(aq) ions and therefore counteract the change: the position of equilibrium will 
shift to the left. Therefore, dichromate ions will turn into chromate ions, and the 
solution colour will change from orange to yellow. 


The chromate-dichromate equilibrium involves water, which acts as both the 
solvent and the product of the forward reaction. However, water is present in 
the solution in large excess, so the addition or evaporation of water has very little 
effect on the equilibrium position. If an orange solution of dichromate is diluted 
with water, its colour will become paler, but it will still be orange, not yellow. For 
this reason, the concentration of water is never included in the K expressions for 
equilibria in aqueous solutions: 


A Figure 7 Aqueous chromate, CrO,? (aq), 
is yellow, while aqueous dichromate, K= [Cr,077] 
Cr2O7*(aq), is orange [CrO,7F [HP 


Reactivity 2.3 How far? The extent of chemical change 


Effect of pressure on equilibrium 


The effect of pressure on the equilibrium position depends on the stoichiometric 
ratio of gaseous reactants and products. For example, the reaction 

N,(g) + 3H2(g) = 2NH3(g) involves four gaseous molecules (one N, and three 
H2) on the left-hand side of the equation but only two gaseous molecules of 

NH; on the right-hand side. If the pressure increases, the system will counteract 
this change by converting the reactants into the products, as this will reduce 

the number of gaseous molecules in the reaction mixture. Therefore, the 
equilibrium position will shift to the right. Conversely, a decrease in pressure will 
shift the equilibrium position to the left, towards the greater number of gaseous 
molecules. In both cases, the K value of the reaction will not change. 


fan equation contains more gaseous molecules on the right-hand side than on 
he left-hand side, an increase in pressure will shift the equilibrium position to the 
eft, while a decrease in pressure will shift the equilibrium position to the right. 

if the numbers of gaseous molecules on each side of the equation are equal,a 
change in pressure will have no effect on the equilibrium position. Once again, 
he K value will remain unchanged in all cases. 


Changes in pressure have no effect on equilibria in condensed phases because 
solids and liquids are almost incompressible. However, heterogeneousiequilibria 
hat involve gaseous species are affected by pressure changes.in the same 

way as homogeneous equilibria in the gas phase. For example, consider the 
heterogeneous equilibrium between liquid and gaseous bromine that was 
discussed at the beginning of this topic: 


Br-(l) = Br.(g) 


If the pressure increases, the concentration of Bra(|). will remain unchanged 
(because liquids are incompressible)while the concentration of Br,(g) will 
increase. According to Le Chatelier’s principle, the system will counteract this 
change by increasing the rate ofthe reverse reaction (condensation of bromine), 
so the equilibrium position will shift tothe left. Conversely, a decrease in pressure 
will shift the equilibrium position to the right, makingthe forward reaction 
(evaporation of bromine) more favourableithan the reverse reaction. 


In the general cas when predicting the effects of pressure on heterogeneous 
equilibria, you.can consider only gases and ignorē solids, liquids and aqueous 
species. 

According to theideal gas law,(Structure 1.5), the pressure of a gas mixture is 
inversely proportional to its volume. When the volume of a system decreases, 
the pressure increases) and when the volume increases, the pressure decreases. 
Therefore, the effects of aichange in volume on the equilibrium position are 
opposite to the effects of pressure. Like pressure, a change in the volume of 
system has no effect on the value of K. 


Practice questions 


3. State the effects of increasing pressure on the equilibrium positions and 
K values for the following reactions: 


N2049) = 2NO,(g) 

SO,(g) + NO,(g) = SO.(g) + NO) 
4HC\(g) + O2(g) = 2H2O(g) + 2Cl.(g) 
SO.(g) + H,O(!) = H.SO;(aq) 


ao o 


The chemistry of acidic and alkaline 
species is detailed in Reactivity 3.1. 
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Effect of temperature on equilibrium 


Temperature is the only factor that affects both the position of equilibrium and the 
equilibrium constant. The synthesis of ammonia from nitrogen and hydrogen is 
an exothermic process (AH® < 0), so heat is released by the forward reaction and 
consumed by the reverse reaction: 


N-(9) + 3H2(g) = 2NH3(g) AH? =—91.8k}mol™! 


At equilibrium, the forward and reverse reactions proceed at the same rates, 

so the total amount of heat in the system remains constant. If we increase the 
temperature, more heat will be introduced into'the system. Inaccordance with 

Le Chatelier’s principle, the system will counteract this change by consuming 
excess heat, so the reverse reaction will be favoured, and the equilibrium position 
will shift to the left. As a result, the concentration of ammonia in the»reaction 
mixture will decrease while the concentrations of both nitrogenand hydrogen 
will increase. 


Now consider the K expression for this reaction: 


— _[NH;F 
K= NIHF 
The numerator contains [NHs] „which decreases with temperature. The 
denominator contains [N.] and [H3], bothfwhich increase with temperature. 
Therefore, an increase intemperature lowers the K value of this reaction. The 
same,resultwould be observed for.any otħer exothermic process. Conversely, a 
decreas@in temperature shifts the equilibrium position of an exothermic process 


to the right and thus increases its Kyvalue. 


Foran endothermic process, the reverse is true: an increase in temperature will 
shift the’equilibrium positionto the right and increase the K value. A decrease in 
temperature will have opposite effects, shifting the equilibrium position to the left 
and decreasing the K value. 


ChemicalOr physical changes with AH $= O are very rare but still possible. For 
example, the isotopic exchange in a mixture of normal water (H2O, hydrogen 
oxide)land heavy water (DO, deuterium oxide) proceeds as follows: 


H,O(!) + DO!) = 2DOH(!) 


The chemical properties of isotopes are nearly identical (Structure 1.2), so the 
AH® value for this reaction is very close to zero. As a result, temperature has no 
effect on the equilibrium position or the K value for this, or any other reaction 
with AH? = 0. 


To predict the effect of a temperature change on the equilibrium position, it 

is convenient to treat heat as an imaginary substance (Q) participating in the 
reaction. For an exothermic process, this “substance” is a reaction product, and 
for an endothermic process, it is a reactant: 


reactants = products +Q AH®%<0O(exothermic) 


reactants + Q = products AH?%> 0 (endothermic) 


Reactivity 2.3 How far? The extent of chemical change 


An increase in temperature will increase the “concentration” of heat in the 
system, so the equilibrium position of the exothermic reaction will shift to the left, 
and the equilibrium position of the endothermic reaction will shift to the right. 
Conversely, a decrease in temperature decreases the “concentration” of heat and 
has the opposite effects on the above equilibria. 


The effect of catalysts on equilibrium 


A catalyst provides an alternative pathway for the reaction and therefore lower its 
activation energy. This increases the rate of a chemical reaction (Reactivity 2.2). 
In a reversible process, the forward and reverse reactions follow the same 
pathway in opposite directions, so the rates of both reactions increase to the 
same extent. Therefore, in the presence ofa catalyst, the equilibrium state of 

the system is achieved faster, but the position of this equilibrium and the K value 
remain unchanged. 


The effect of a catalyst on the equilibrium position can be illustrated bya simple 
analogy. Imagine two communicating vessels that represent reactants and 
products (figure 8). The levels of liquid in the vessels represent the relative rates 
of the forward and reverse reactions. 


reactants products reactants products 
ia = 

no catalyst no catalyst 
reactants products reactants products 
ka Me 


catalyst catalyst 


A Figure 8 Communicating vessels as a model of chemical 
equilibrium 


The flow of liquid between. the vessels is limited by the diameter of the 
connecting tube. df we increase this diameter, the levels of liquid in the vessels 
will become equal fasterbut the final state of the system will not be affected. 
Similarly, a catalyst allows a chemical system to reach the state of equilibrium 
faster but doesnot affect the position of that equilibrium. 


The same analogy can be used for illustrating Le Chatelier’s principle with 
respect to.concentrations. If we add liquid to the left vessel (“increase a reactant 
concentration”), some of the liquid will flow to the right vessel (“the forward 
reaction will be favoured”) until the levels become equal again (“a new chemical 
equilibrium will be established”). 
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Réaction 
chamber 


Return 
pump 


g 


A Figure 9 Flow chart of the Haber process 
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The effects of reaction conditions on the equilibrium position and K value are 


summarized in table 2. 


Change in condition 


concentration of reactant 
increases 


concentration of product 
decreases 
concentration of reactant 
decreases 


concentration of product 
increases 


Shift of equilibrium 


to the right 
(towards products) 


to the left 
(towards reactants) 


pressure increases 


volume decreases 


to the side with a smaller 
numberof gas molecules 


pressure decreases 


volume increases 


tothe side with a Greg | 


number of gas molecules 


K 


no change 


AH? <0: to the left 
AH? > 0: to the*right 
AH® = 0: nochange 


AH® < 0: decreases 
AH® > O: increases 
AH? = 0: no change 


temperature increases 


AH® < 0% to the right 
AH® > Onto the left 
AH? =0: no change 


AH®< 0: increases 
AH®> 0: decreases 
AH®= 0: no change 


temperature decreases 


catalyst is added nochange no change 


A Table 2)The effects of reaction conditions on the equilibrium position and K value 


Case study: the Haber process 


Le Chatelier’s‘principle allows chemists to maximize the yield of the desired 
product by‘altering the reaction conditions. In particular, the synthesis of 
ammonia.on an industrial scale becomes profitable only when a fine balance 
between pressure, temperature and concentrations of reacting species is 
achieved, This synthesis, developed in early 20th century by the German chemist 
Fritz Haber, utilizes the reaction that has already been discussed in this topic: 


N.(g) + 3H2(g) = 2NH.(g) + Q 


Since the number of gas molecules in the forward reaction decreases from four 

to two, the Haber process is carried out at high pressure (200 atm, or 20 MPa), 
which pushes the equilibrium position to the right and at the same time increases 
the reaction rate. Nitrogen and hydrogen are constantly injected into the reaction 
mixture while ammonia is condensed and removed after each cycle of the process 
(figure 9). These measures maximize the concentrations of reactants and minimize 
the concentration of the product, shifting the equilibrium even further to the right. 


The forward reaction is exothermic (AH © < 0), so it is favoured by a low 
temperature. However, this reduces the kinetic energy and frequency of 
collisions between reactant particles. Therefore, a lower temperature will 
decrease the reaction rate. Asa compromise, the reaction is carried out at a 
moderate temperature (400-450 °C) and in the presence of a catalyst (iron 
powder with various additives). While the catalyst itself does not affect the 
equilibrium position, it greatly increases the reaction rate. 


Reactivity 2.3 How far? The extent of chemical change 


In modern industrial plants, the efficiency of the Haber process is improved by 
recycling unreacted gases and utilizing the heat released by the forward reaction. 
Such improvements increase the overall reaction yield to 98%, while reducing 
the cost and environmental impact of ammonia production. 


G Linking question 


TOK 


The Haber process has had significant impacts — positive and negative — 

on society. On the one hand, ammonia is widely used for making urea, 
ammonium nitrate and other fertilizers. Without these, current farming 
practices could not feed the growing world population. According to some 
estimates, a half of the nitrogen in our bodies comes from the Haber process, 
making it arguably the most important invention of the 20th century. 


However, the Haber process was also vital to produce explosives and 
ammunition in both world wars. Haber himself also worked on and promoted 
the use of poison gases during the First World War, earning him the name 
“the father of chemical warfare”. His story illustrates how advances .imscientific 
knowledge can benefit society or be used for creating weapons. of 

mass destruction. 


Is science, or should it be, value-free? 


N ACY 
A Vo 

Why do catalysts have no effect on the value of K or on the equilibrium 

composition? (Reactivity 2.2) 


Reaction quotient (Reactivity 293.5) 


Ifa system has not reached equilibrium, the ratio of actual concentrations 

of products and reactants differs from the K value. This ratio is known as the 
reaction quotient, O»|t can be used for determining the direction of ongoing 
chemical changes within the systems 


The reaction quotient, Q, is calculated just like the K expression, but with 
non-equilibrium concentrations ofall reacting species. So, for the reaction 
aA bB +... =xX'+yY + notat equilibrium, the Q expression is as follows: 


- KMT 
Oe Tar BFS 


You can make the following conclusions from the relative values of Q and K: 


When.Q < K, the reaction mixture contains more reactants and less products 
than needed for equilibrium, so the forward reaction will be favoured. 


When Q > K, there are less reactants and more products than needed for 
equilibrium, so the reverse reaction will be the dominant process. 


When Q = K, the system is already at equilibrium, so the forward and reverse 
reactions will proceed at the same rate. 
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Reactivity 2 How much, how fast and how far? 


Practice question 


4. 


Consider the following reaction 
at 283K: 


2NO,(g) = N-O4(9) K=11.5 


The reaction mixture contains 
0.025 mol dm™? of nitrogen 
dioxide and 0.10 mol dm~? 

of dinitrogen tetroxide. 
Determine the direction of the 
spontaneous reaction in this 
mixture at 283 K. 


A Figure 10 Japanese geochemist Katsuko 
Saruhashi 
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© Data-based questions 


Worked example 3 


Calculate the reaction quotient for a mixture of nitrogen, hydrogen and 
ammonia at 475K, where K = 0.59 and the concentration of each species.is 
0.50 moldm™. Predict the direction of the spontaneous reaction in this mixture. 


2 
r= AHE OE 


N2(9) + 3H2(9) = 2NH3(g) INAH 


Solution 


To calculate the reaction quotient, we need to usesthe/Kiexpression with the 
actual concentrations instead of the equilibrium,concentrations: 
05 
o= O5xO5°~ 
Since Q > K, the system contains too much ammonia and too little nitrogen 
and hydrogen, so the reverse reaction is favoured. 


4 


The oceans are an important store of carbon dioxide in the carbon cycle. 
The determination of [CO;)in seawater is a complex process because 
carbon dioxide participates in various equilibria. Japanese geochemist 
Katsuko Saruhashi explored and modelled the relationship between the total 
concentratiomof carbonic acid oH and temperature. Based on equilibrium 
constants) she devised a methodology to determine the CO; levels in 
seawater. This information was compiled for easy access in what became 
known as” Saruhashi’s Table”. Saruhashi also investigated the effects of 
nuclear testing on seawatensco-founded the Society of Japanese Women 
Scientists in 1958and established the annual Saruhashi Prize in 1981, awarded 
to female scientists for their contributions to scientific research. 


What makes,an idea worthy ofa scientific prize? What is the purpose of 
scientific prizes? What is the role of scientific societies? 


Calculations involving K (Reactivity 2.3.6) 


The K value can be used for determining the composition of a reaction mixture 
at equilibrium if the initial or equilibrium concentrations of some participating 
species are known. Alternatively, the initial concentrations can be determined 
from the K value and equilibrium concentrations. 


In esterification reactions, a carboxylic acid reacts with an alcohol to 
form an ester. The equilibrium constant, K, for esterification reactions 
can be determined by analysis of the concentrations of the reacting 


species at equilibrium. Values for K were determined in this way for the 
esterification of several different alcohols and carboxylic acids, shown in 
table 3. 


Reactivity 2.3 How far? The extent of chemical change 


butanoic 
acid 


propanoic 
acid 


4.72 
2.13 
4.10 


ethanoic 
acid 


5.03 
4.86 
4.21 


methanol 4.08 


ethanol 2.28 


propan-l-ol 2.33 


1.10 1.34 


1.23 


2.85 
2.02 


butan-1-ol 


2-methylpropan-1-ol 0.92 


A Table 3 Equilibrium constants, in mol dm”, for esterification 
reactions at reflux temperature (Source of data: E. Sarlo, P. 
Svoronos, and P. Kulas, J. Chem. Ed., 1990, 67 (9), 796) 


1]. Prepare a graph of the results. 


Worked example 4 


A mixture of sulfur(IV) oxide and oxygen was heated in 
a sealed vessel at 1000K until the following equilibrium 
was reached: 

2SO,(g) + O.(g) = 2SO3(g) 


The equilibrium concentrations of sulfur(IV) oxide 


KZZ 


Solution 
a. First, we need to write the K expressions 
__[SO,F 
[OSO 


Since we know threeof the four values in this,expression; 
we can find the equilibriùm, concentration of oxygen: 


0.18* 
[O2] x O92? 


[83] =0.75moldm= 


S0 


2. To find the.initial concentrations of SO2(g) and 
O.(g)pwe need to look at their stoichiometric ratio. 
The formation/ofeach mole of SO;(g) requires the 
same quantity of SQ,(g) afd twice as little O2(g). 


If 0.18 mol dfn of SO3(g) was produced, then 


Practice question 


5. Nitrogén dioxide was cooled down to 283 Kin 
a sealed vessel until it reached equilibrium with 
dinitrogen tetroxide: 


2NO,(g) = N,O.(g) K=11.5 


Describe the trends, patterns and relationships you 
observe in the data. 


Research ways to determine the equilibriumyeonstant, 
K, for an esterification reaction. Use this information 
and your answers to this task to brainstorm possible 
investigations exploring a factor connected to 


esterification. 

Choose one of your ideas and plananiinvestigation. 
Remember to: 

e outline the independent and dependent variables 
state the major controhvariables 

state the research question 


outline the;context of the research question 


outline the methodology 


and sulfur(VI) oxide.in. the final mixture were 0.12 and 
0.18 mol dm °, respectively. 


a. Calculate the concentration of oxygen at equilibrium. 


b. _ Determine the initial concentrations of both 


reactants. 

a 0.18 K 
0.18 mol dm™? of SO,(g) and Sia 0.090 mol dm” of 
O,(g) were consumed: 

2SO,(g) + O.(g) = 2SO3(g) 

Cinitia / MO! dm x y o 
Ac/moldm? -0.18 -0.09 +0.18 
Ceq/ mol dm 0.12 O75 0.18 


Therefore: 
x—0.18=0.12,sox=0.12 +0.18 =0.30 
y—0.09 =0.75, soy = 0.75 + 0.09 = 0.84 
[SOz nit: = 0.30 moldm™= 
[Os]nitia = 0.84 mol dm=3 


Calculate the equilibrium and initial concentrations of 
NO,(g) if the equilibrium concentration of NO.(g) was 
0.041 moldm*™. 


= 
<= 
< 
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=] Using a spreadsheet scrollbar to determine equilibrium concentrations, 
E 
= 


Equilibrium concentrations of reactants and products depend on factors such as the value of the equilibrium constant 
and the concentrations of the other species. In this task, you will use a method developed by Andrés Raviolo and 
published in the Journal of Chemical Education for analysing an equilibrium mixture by creating a spreadsheetamodel 
containing a scrollbar (2012). 
Relevant skills 


e Tool 2: Generate data from models and simulations e — Inquiry 3: Evaluate methodological limitations 


e Too! 2: Use spreadsheets to manipulate data 


Nitrogen and hydrogen react reversibly to form ammonia: N.(g) + 3H2(g) = 2NH3(g) 
[ 


2 
The equilibrium constant expression for this equation is K = AINA] 
[NoI[H>] 


Instructions 
Part 1: Create the spreadsheet model 


a. Nitrogen and hydrogen are placed in a 4.00 dm? container and allowed to reach equilibrium»The initial amounts, 
in mol, of nitrogen and hydrogen are 0.200 and 0.500, respectively. The equilibriumconstant, K, at a certain 
temperature is 269. Enter this information into a spreadsheet: 


b. Next, enter the formulas needed to calculate? 
* reaction quotient, Q (cell E2), * parameter labelled x (cell D2) is related to the 


concentration change and is computed based ona 


e — changes in concentration (cells D6/E@and F6) 
value in cell B10, which is currently empty. 


* — equilibridm,concentrations (cells DZ/E7 and F7). 


Reactivity 2.3 How far? The extent of chemical change 


3. Now insert a scroll bar into the space between cells B9 and F9. If you are using Excel, you will need to show the 
“Developer tab”, and select “Scroll bar” from the “Form control” section of this tab. In the scroll bar settings, set the 
cell link to B10, the minimum value to 1 and maximum value to 10000. For clarity, cells B10 to F10 have been merged 
and centred in the image below: 


= 
<= 
< 


G D E 
ieee eel 
=< 


n(H2) 


-0.085 
ons 
~~ __ 


4. The scroll bar allows you to change the value of x, and the spreadsheet computesthe corresponding value of 
the reaction quotient, Q. Use the scroll bar to change x untihQ = K, which indigates that the reaction mixture 
is at equilibrium. 


Part 2: Use the spreadsheet model 


5. Using your knowledge of equilibrium, predict whatwill happen tothe equilibrium concentrations of Nə, Hz and NH3 
if there are changes to the following: 


e volume of the container 
e value of K 
e — initial amounts of reactants 
6. Using your spreadsheet model, investigate your ideas above. 
7. Explain the formula used't6 compute Q, inicell EX; “=F7*2/(D7*E7%3)*B24 2". 


Part 3: Evaluate the model 


8. Identify and explain at least one advantage of this spreadsheet model. 
9. »ldentify and explain at least twoulimitations of this spreadsheet model. 


Part'4:, Create a newmodel. 


Sulfur dioxide, SQa(g), reacts with oxygen, O2(g), to form sulfur trioxide, SO3(g), according to the following reversible 
reaction: 


2SO,(g) + O.(g) = 2SO3(g) 


The value of K at a certain temperature is 7.5 x 1072. 


10. Create’a new spreadsheet model, like the one above, that can be used to determine the equilibrium concentrations 
of SO,(g), O2(g), and SO3(g), when 1.0 mol of SO.(g) and 1.4 mol of O2(g) are placed in a 3.0 dm? container and 
allowed to reach equilibrium. 
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Weak acids and bases in aqueous solutions undergo reversible ionization, 
producing H*(aq) and OH (aq) ions, respectively. Here are the general equations 
for these ionizations: 


weak acid: HA(aq) = H*(aq) + A-(aq) 


weak base: B(aq) + H2O(I) = BH*(aq) + OH (aq) 


Acid-base equilibria will be The equilibrium constants for these processes are usually very Jow,’so only a 
discussed in greater detail in small proportion of the weak acid or base exists as ions, while most of these 
Reactivity 3.1. species remain in molecular form. Therefore, we can.assume that the equilibrium 


concentration of a weak acid or base is approximately equal to,its initial 
concentration: 


[HA lec x [HA Jini 
[Blea ed [Bhnitiat 


These assumptions simplify the calculations involving,K of acid-base’equilibria, 
as shown in the worked example below. 


Worked example 5 


The weak ethanoic acid, CH;COOH, dissociates in At 298 K, the K valuesfor this process is 1.74 x 10°. 


aqueous solutions as follows: . oe . f a 
Determine the equilibrium concentrations, in mol dm™, 


CH3;COOH(aq) = CH3;COO (aq) + H*(aq) of all species in a0.100 mol dm = solution of ethanoic 
acidvat 298K. 
Solution 
We can assume that the initial concentration ofethanoic The concentrations of CH3COO (aq) and H*(aq) are 


acid is equal to its equilibrium concentration, as the value approximately the same, so: 


of K is very low: TR CCOO 
[CHsCOOH]., ~ [CH CO Riita ee 
[CH,COO]# 1.74 x 10° 


= 0.100imoldm-? 
ee eK [CH3sCOO Jaq & [H*]eq # 0.00132 mol dm? 
rite the expression fork: 
Hlo? Without assuming that [CH3COOH]., =[CHsCOOH Inia, 
K4 Oh one we would have to solve a quadratic equation, which is 
b not assessed in DP chemistry examination papers. The 


Then stbstitute in the values for Kand [€H;COOH].4. exact solution of the quadratic equation would give 


1 Ao- = [CHORO A] [CH;COO], % 0.0131, which is very close to the result of 
AS A 0.100 our approximate calculations. 
Practice question 


6. Phenylamine, CgHsNHz, also known as aniline, is a weak base. In aqueous 
solutions, it undergoes a reversible ionization: 


CsgHsNH.(aq) + H2O(!) = CsHsNH3t(aq) + OH (aq) 


At 298 K, the K value for this process is 7.41 x 107, 


Determine the concentration of OH (aq) in a 0.100 mol dm aqueous 
solution of phenylamine. 


Reactivity 2.3 How far? The extent of chemical change 


G Linking question 


= 
am 
< 
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How does the equilibrium law help us to determine the pH of a weak acid, 
weak base or a buffer solution? (Reactivity 3.1) 


Gibbs energy and equilibrium (Reactivity 2.3.7) 


In the SL section of this topic, we discussed the relationship between the K value 
and spontaneity of a reaction under standard conditions. If K > 1, the forward 
reaction proceeds spontaneously while a K < 1 favours the reverse reaction. If 

K = 1, neither reaction is favoured under standard conditions, as the equilibrium 
is already established. 


Another measure of the reaction spontaneity is its Gibbs energy change, AG 
(Reactivity 1.3). For a reversible chemical reaction, a negative AG valué favours 
the forward reaction, while a positive AG value favours the reverse reaction. 


The standard Gibbs energy change for a reaction, AG®, refers to thechemical 
change from reactants to products in their standard states (p =100 kPa for gases 

orc = 1] mol dm™ for aqueous species) at a given temperature. If the temperature 
is not specified, it is assumed to be 298 K. If the spontaneity is determined under 
standard conditions, the value of AG® must be used instead of AG. 


Equilibrium | Standard Gibbs Spontaneous process The expression AG® = —RTInK 
constant energy change under standard conditions and the value of Rare given in the 
K>1 AG? <0 forward reaction (products are favoured) data booklet. 
K<] | AG> 0 reverse reaction (reactants arefavóured) 
= = : ere 
K=1 | AG? =0 neither forward norféverse (equilibrium) Calculations involving standard 
A Table 3 Equilibrium position and the values of K and AG® Gibbs energy changes and 
thermodynamic data for reactants 
The relationship between K and/AG® is described by the following equation: and products are discussed in 


Reactivity 1.4. Thermodynamic data 
for selected compounds are given 
whereR = 8131 JK mol” is the gas:constantand T is the absolute temperature in in the data booklet. 

kelvin. Noticethat AG® is usuallyexpregssed in kj mol™!, so it must be converted to 

Jmol5'to match the units of Ry 


AG® = —RT INK 


Thisequation is very useful because standard Gibbs energies of formation, 
AG, are known for manycompounds. These data allow us to calculate 

first the AG® value’and.then the K value for almost any chemical or physical 
change. Convefsely,an unknown AG® value for a particular compound can be 
determinedfrom the K value ofa reversible reaction involving this compound 
andthe thermodynamic data for other species participating in that reaction. 


Calculate the equilibrium constant, K, fora reversible reaction with 
AG? = —3.9k| mol” at 298K. 
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Worked example 6 


Dinitrogen dioxide, N3O.(g), is highly unstable, so its Gibbs energy 
change of formation, AG;°, cannot be determined directly. However, the 
equilibrium constant for the following process at 298 K can be calculated 
from spectroscopic data: 


2NO(g) =N20.(g) K=1.39x10% 
a. Determine AG®, ink|mol™, for the forward reaction at 298K. 


b. Using your answer to part a, determine AG} for N,O3(g), in kj mol” ât 
298 K if AG,° for NO(g) at the same temperature is 87.6 kj mol”. 


Solution 


a. AG°=-RTInK 
= —8.31 J K' mol! 298K x In(1.39 X 1075} 


= 27700|mol" 
= 27.7 kj mol” 


b. Using the enthalpy eycle diagram method from Reactivity 1.2: 


2NO@ fp _AGo Fim, N202(9) 


AG (N AC Ve (N2O2(g) 
g) + Or(g) 


AG? == [2 x AG,P(NO@))] T AG;P(N20-(9)) 
Substitute in the values of AG® and AGP(NO(9)): 


27:7 kj mol” = — [2 x 87.6 kj mol] + AG;P(N20.()) 
AG&(NO(g)) = 202.9 kj mol” 


G Linking question 


How can Gibbs energy be used to explain which of the forward or backward 
reaction is favoured before reaching equilibrium? (Reactivity 1.4) 


Reactivity 2.3 How far? The extent of chemical change 


(an) Self-management skills 


Graphic-display calculator (GDC) skills that you have learnt in maths, such as using numerical solvers and finding the 
intersection of two graphs, can also be applied to chemistry. 


— 
<= 
< 


Consider the following practice question: Calculate the equilibrium constant, K, for a reaction at 298 K. evalue of 
AG® for the reaction at this temperature is —0.82 kj mol. 


This can be done by solving AG? = —RT In K for K, as shown in the text. Two further ways of calculating K are possible, 
using your GDC: 


1. Numerical solver 


Enter the equation (remembering to express AG® in Jmol”, not kj mol!) into the numericalsolver (usually Galled'MSolve, 
Nsolve or solveN) and compute K: 


nSolve(-0.82+ 103 =-8.31+ 298+ In(x),x) 


1.39254 


2. Graphing both sides of the equation and finding the intersection 


Graph both sides of the equation as two separate functions. In the example above the two functions are f(x) = —820 
and f(x) = —8.31 x 298 x In(x). Fit the graphs'te the screen if neeessany, then find the’intersection. The x-coordinate of 
the intersection is the value you are looking,for: 


10829:97 Ay 


Hi2(x) =&B. 31+ 298- In(x) 


fil@)= -0.82- 103 (1.39, -820) 


7720529 
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End of topic questions 


For a certain reversible reaction in a closed system, = 
Q > K. Which changes will occur when the system will [Es 


Topic review 6 


ik 


Using your knowledge from the Reactivity 2.3 topic, 
answer the guiding question as fully as possible: 
How can the extent of a reversible reaction 

be influenced? 


Exam-style questions 


be approaching equilibrium at constant temperature? 
A Qvwill decrease 

B Kwillincrease 

C Concentrations of reactants will decrease 

D Concentrations of products willincrease 


Multiple-choice questions 7. At10OOK, the forward reaction has a negative AGS. 
2. Which of the following statements is correct? value: 
A The changes at equilibrium stop only at the 2NOAg) = 2NO(g) + O-(9) 
microscopic level but not at the macroscopic level. Which expression is correct forthe equilibrium at this 
B The changes at equilibrium stop at both the temperature? 
macroscopic level and the microscopic level. A ANOHa> [NO] O] 
C The rates of both forward and reverse reactions at B \sNOz] < [NO] 
equilibrium are equal to zero. C [NO]= 2[0,] 
D The equilibrium constant expression can be Dak > 1 
deduced from the reaction stoichiometry. Extended-response questions 
3. Which factors increase the rates of both forward and 8. Deduce the equilibrium constant expressions for the 
reverse reactions in any system at equilibrium? following reactions. 
Increase in temperature a. 30,(g)= 20-9) 
|. Increase in pressure b. 2NQ,(g) = 2NO(g) + O2(g) 
ll. Addition of a catalyst Clip NO.(g) = NO(g) + 0.5029) 
A land ll only d. CH;COOH(aq) = CH;COO (aq) + H*(aq) 
Bland Ill only e. NH,(aq) + H20(1) = NH,*(aq) + OH (aq) 
C lland Ill only f. CaCOs(s) = CaO(s) + CO2(g) 
D planeti 9. Ata certain temperature, the K value for reaction b from 
4. What will happenin the following reaction mixture at the previous problem is 0.81. Deduce the K value for 
equilibrium ifthe pressure decreases? reaction c from the same problem. 
SOQ F a Q) > dele a HSR) 10. Consider the following reaction: 
A A. equilibridm position will shift tothe left and H,(g) + L(g) = 2HI(g) 
will increase Peele . Pee 
i iu A ty ; The equilibrium concentrations of hydrogen, iodine 
B ag equilibrium Rositiamwil Shift to the right and and hydrogen iodide in the reaction mixture at 760 K 
[H] will increase were found to be 0.012, 0.015 and 0.091 moldm=™, 
C ‘The equilibrium position will shift to the left and respectively. 
[H*] will decrease a. Deduce the equilibrium constant expression and 
D The eđuilibrium position will shift to the right and determine the K value for this reaction at 760K. 
[H*] will decrease b. The K value for the same reaction at 715 Kis 48.0. 
= 5. Whatis true for any system at equilibrium? Deduce the sign of the standard enthalpy change 
d A KA for the forward reaction. 
Bo (=| 
C Q=K 
D AG°=0 
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AHL 


Reactivity 2.3 How far? The extent of chemical change 


WW. 


12: 


concentration 


12: 


Consider the following reaction: 


2CO(g) + O2(g) = 2CO,(g) AH? =—566k) mol! 
Outline how the following changes will affect the 
equilibrium position and the K value of this reaction: 
a. decrease in pressure 

increase in temperature 

increase in concentration of oxygen gas 
decrease in concentration of carbon monoxide 


aang 


addition of a catalyst 


At high temperature, ammonia decomposes into 
nitrogen and hydrogen: 

2NH3(g) = N2(g) oP 3H2(g) 

The progress of this reaction under certain conditions 
without a catalyst is shown in the graph below. 


time 


On a copy of the same graph, sketch,the changes in 
concentrations of NFis(g), No(g) and H2(g) over time 
for the same reaction under the same conditions inthe 
presence of a catalyst. 


The esterification reaction between éthanoic acid and 
ethanol proceeds as follows: 

CH3GOOH(org) + CH3CH2OH(org) = 
CH3€OOGCH5CH(org) +420 (org) 

A mixture of 1.00. mol of ethanoic acid and 2.00 mol 
oftethanol was dissolved in an inert organic solvent 
(designated as “org”) to produce 1.00 dm of the 
solution and,heated at 50 °C in the presence of an acid 
catalyst until equilibrium was reached. The equilibrium 
mixture contained 1.40 mol of ethanol. 

a. ‘Calculate the K value for this equilibrium at 50°C. 


by Determine the direction of the spontaneous 
reaction at 50 °C in the mixture containing equal 
concentrations of all four species participating in 
this equilibrium. 


14. 


concentration / mol dm-3 


Benzoic acid, CsHs;COOH, dissociates in aqueous 

solutions as follows: 

CsHsCOOH(aq) = CsHsCOO “(aq) + H*(aq) 

At 298 K, the K value for this equilibrium is 6:81 x 10°°. 

a. Determine the equilibrium concentrationy in 
moldm’?, of H*(aq) ions in a 0.0200 mol dim”? 
solution of benzoic acid at 298K. 

b. Calculate the AG® value, in kj mol", for the forward 
reaction at 298K. 


= 
ae 
< 


. Consider the equilibrium betweentwo oxides of nitrogen: 


N2049) = 2NO.(g) AH? = +58 kj mol”! 
The graph below shows the concentrations, of both 
oxides at 320 K as a function of times 


1.00 


0°80 


0.60 


0.40 


0.20 


0:00 : - T : 
© p 4 6 8 
time /min 
a. State the K expression for this equilibrium and 
determine the K value at 320 K. 
b. Calculate the AG® value, in kj mol“, for the forward 
reaction at 320K. 
c. Determine the direction of the spontaneous reaction 
at 320K in the mixture containing 0.50 moldm = of 
N3O,(g) and 0.10 mol dm? of NO.{g). 
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What happens when protons are transferred? 


Acids and bases have been known for thousands of years. 
The term “acid” is derived from the Latin word acere, 
which means “sour” and refers to the characteristic taste 
of vinegar, lemon juice and other acidic solutions. Basic 
substances, such as potash (potassium carbonate) and 
lime water (a solution of calcium hydroxide), were used by 
ancient Egyptians for making soap and parchment. People 
who worked with basic solutions noted their slippery, 
soap-like feeling to the touch, bitter taste and ability to 
react with acids. 


CEEA Proton transfer reactions 


cS 


In previous chapters, you learned that acids and bases 
are two classes of chemical compounds with opposing 
properties. One of the most common reaction types, 
neutralization, usually involves an acid and a base as 
reactants and a salt and water as products. At the same 
time, some salts and even water itself demonstratelacidic 
or basic properties by reacting with bases or acids, 
respectively. During acid-base reactions,protons are 
transferred from onéschemical species/(acid) toanother 
(base)@n this chapter, we will diScuSs,the nature of acids 
and bases) protonstransfer reactions and acid-base 
equilibria in aqueous solutions: 


Understandings 


Reactivity 3.1.1—A Bransted-Lowry acid is a proton, 
donor and a Brensted—Lowry base is a proton aceéptor. 


Reactivity 3.1.2—A pair of species differing by asingle 
proton is called a conjugate acid-base pait? 


Reactivity 3.1.3—Some species cam act as,both 
Brønsted-Lowry acids and bases. 


Reactivity 3.1.4—The pH scale can be'used to desetibe 
the [H*] of a solution? Shs —logiolH*]; [H*] = 10584 


Reactivity 3.1.5—The ion product constant of water, Kw, 
shows an inverseirelationship between [H*] and [OH]. 
K, =[H OH] 


Reactivity 3.1.6—Strong and weak acids and bases differ 
in the extent ofiinization. 


Reactivity 3.1.7—Acids.react withbases in neutralization 
reactions. 


Reactivity 3.1.8—pHycurves for neutralization reactions 
involving strong acids and bases have characteristic 
shapes and features. 


I Reactivity 3.1.9—The pOH scale describes the 
Ed [©H]ofa solution. pOH = —log[OH7]; 
O Ae O 


Reactivity 3.1.10—The strengths of weak acids 
and bases are described by their K,, K», pK, or pK, 
values. 


Reactivity 3.1,11—For a conjugate acid-base pair, 
the relationship Ky K, = Ky can be derived from 
the expressions for Ky and K,. 


= 
ae 


Reactivity3“1.12—The pH ofa salt solution 
depends on the relative strengths of the parent acid 
~andbase. 


Reactivity 3.1.13—pH curves of different 
combinations of strong and weak monoprotic acids 
and bases have characteristic shapes and features. 


Reactivity 3.1.14—Acid-base indicators are weak 
acids, where the components of the conjugate 
acid-base pair have different colours. The pH of the 
end point of an indicator, where it changes colour, 
approximately corresponds to its pK, value. 


Reactivity 3.1.15—An appropriate indicator for a 
titration has an end point range that coincides with 
the pH at the equivalence point. 


Reactivity 3.1.16—A buffer solution is one that 
resists change in pH on the addition of small 
amounts of acid or alkali. 


Reactivity 3.1.17—The pH ofa buffer solution 
depends on the pK, or pK, of its acid or base, and 
the ratio of the concentration of acid or base to the 
concentration of the conjugate base or acid. 


537 


A Figure] Reaction of hydrogen 
chloride with ammonia. “Ammonium 
hydroxide” is a common name for 
aqueous ammonia 
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Reactivity 3 What are the mechanisms of chemical change? 


Theories of acids and bases (Reactivity 3.1.1) 


The first rational approach to acids and bases was proposed by the Irish scientist 
Robert Boyle in the 17th century. According to Boyle, acids and bases can be 
defined as follows: 


e acids taste sour, react with metals, turn litmus red and can be neutralized 
by bases 


* bases feel slippery, turn litmus blue and can be neutralized by acids. 


In 1884, the Swedish scientist Svante Arrhenius defined acids and bases in terms 
of the ions they produced in aqueous solutions: 


e an Arrhenius acid is a substance that dissociates in water to form hydrogen 
ions (H*) 


e an Arrhenius base is a substance that dissociates in:water to form hydroxide 
ions (OH). 


For example, hydrogen chloride is an acid, as it produces H* ions when dissolved 
in water: 


HCl(aq) > H*(aq)-+ Chaa) 


Similarly, sodium hydroxide is a base, as it produces OH ions in aqueous 
solutions: 


NaOH(aq) > Na*(aq)4OH (aq) 
According to Arrhenius, neutralization is a combination reaction between H* and 
OF ions: 
H*(aq) + OH"aq) > H20(1) 
The Arrhenius theory has limitations. First, all Arrhenius acids and bases must 
be soluble in water, or they will not be able to produce any ions in aqueous 
solutions. Second, some bases, such as ammonia, NH3, contain no oxygen and 


thus cannot produce hydroxide ions by dissociation. When dissolved in water, 
ammonia does produce some OH ions by reacting reversibly with water: 


H,(aq) + H20(1) = NH*(aq) + OH (aq) 


However, the source of hydroxide ions in this reaction is water, not ammonia 
itself, so in the absence of water, no OH ions would be formed. Nevertheless, 
gaseous ammonia behaves as a typical base. For example, it readily reacts with 
gaseous hydrogen chloride, producing a salt, ammonium chloride, in the form of 
a white smoke (figure 1). This is an example of a neutralization reaction. 


NH3(g) + HCl(g) + NHzCl(s) 


To overcome the limitations of the Arrhenius approach, a new acid-base theory 
was proposed in 1923 by two physical chemists, Johannes Brensted from 
Denmark and Martin Lowry from England. Working independently of each other, 
Brensted and Lowry concluded that both acids and bases could be defined by 
their roles in the transfer of protons (H’*): 


Reactivity 3.1 Proton transfer reactions 


e aBrgnsted-Lowry acid is a proton donor: a species that can lose an H* ion 


e aBrensted-Lowry base is a proton acceptor: a species that can gain an 
H* ion. 


Consider the reaction of hydrogen chloride with gaseous ammonia: 
NH3(g) + HCI(g) > NH4Cl(s) 


Hydrogen chloride formally loses a proton and therefore acts as a Bransted— 
Lowry acid: 


HCl(g) > H+ + Clr 
In turn, ammonia accepts a proton and therefore acts as a Bransted-Lowry base: 
NH;,(g) + H+ > NH,* 


The ammonium cation and chloride anion form ammonium chloride: 


NH,* + CI > NH,Cl(s) 


lf we add the last three equations together, the H*, NH4” and Cl jions'will cancel 
one another, and the resulting equation will represent the overall,neutralization 
reaction: 


NH3(g) + HCI(g) > NH4Cl(s) 


It is important to note that the Bransted-Lowry approach to acids and bases 

does not replace the Arrhenius theory but rather expands it by removing any 
references to the solvent (water) and recognizing a wider range of species as 
acids and bases. For example, anyArrhenius acidysuch as HCl(aq), will be’a 
Brensted-Lowry acid too, as it acts as ajproton,donor. At the same time, many 
Arrhenius bases, such as sodium, hydroxide (NaOH), are.treated by the Bronsted- 
Lowry theory as complexes of a base (OH) with a metal cation (Na*). Sodium 
hydroxide cannot act as ayproton acceptor without losing,another ion (Na*), 
while the hydroxide ioncan:? 


OH (aq) + H*(aq) > H-O) 


j 


Boyle’ s definitions of acids and ™ © émphasize the most characteristic 
_froperties 6f thesefeompeunds (reactivity towards metals and each other). 
Boyle's theory also suggested iafsimple experimental procedure (the colour 
“change of litmusyaynaturalacid—base indicator) for distinguishing between 
acidic and basié solutions. This approach is a good illustration of the scientific 
method, which is baséd on systematic observations and experimental 
evidence. \ 
Athe same time, Boyle was unable to explain why some compounds 
behaved as acids and others as bases. In the 17th century, the chemical 
composition of most substances was still unknown, and even the existence 
of chemical elements was not universally accepted. As a result, Boyle’s 
classification had no theoretical background or predictive power, so it was not 
a scientific theory but rather a set of empirical rules. 
How does the meaning of the word “theory” in science compare to its 
meaning in other contexts? 
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Reactivity 3 What are the mechanisms of chemical change? 


Worked example 1 


The equation for the neutralization of sulfuric acid, H,SO,(aq), with potassium hydroxide, KOH(aq), is shown below: 


H2SO,(aq) + 2KOH(aq) > K2SO,(aq) + 2H2O(I) 


Deduce the Bransted-Lowry acid and base in this reaction. 


Solution 


Sulfuric acid loses two protons and therefore acts as a 
Brensted—Lowry acid: 


H,SO,(aq) > 2H*(aq) + SO.? (aq) 


In Bransted-Lowry theory, potassium hydroxide is 
considered a complex of a base (OH) with a metal cation 
(K*). In aqueous solution, potassium hydroxide dissociates 
into potassium and hydroxide ions: 


KOH{(aq) > K*(aq) + OH“(aq) 


The hydroxide ion accepts a proton and therefore acts as a 
Brensted—Lowry base: 


OH (aq) + H*(aq) > H,01!) 


Practice questions 


1. Deduce the molecular and 
net ionic equations for the 
neutralization of 


a. nitric acid with sodium 
hydroxide 


The potassium cation and sulfate anion form a salt, 
potassium sulfate: 


2K*(aq) + SO,7 (aq) > K,SOx(aq) 


To double check that these assignments mateh,the overall 
equation, we can,add these four equations together. The 
H*(aq), Kifaa) S0,- (aq) and OHAAG)iions will cancel one 
another, giving the originalyneutralization equation: 


H»S$O,(aq) + 2KOH(aq) > K,SOx(aq)+ 2H-O(1) 


According,to the Bransted=Lowry theory, the reaction of ammonia with water 
is alsa neutralization process. Water acts as an acid by losing a proton while 
ammoniaacts as a base by accepting a proton: 


H3@(I) = H*(aq) + OH*"aq) 
H,(aq) + h(a) = NH,*(aq) 


When these.two equations are combined, the resulting equation represents the 


ionization of ammonia in water: 


b. hydrogen bromide with 
barium hydroxide. 
2. Deduce the equation for the 
reaction between hydrogen 
chloride and water. 


NH.(aq)-+H,0(!) = NH.*(aq) + OH=(aq) 


The reaction of ammonia with water is usually referred to as ionization rather than 
dissociation. While these two terms are often used interchangeably, there is a 


subtle difference between them. Dissociation means that a single molecule (or 
other species) breaks into two or more species, while ionization refers to any 
process that produces ions. Since the reaction of ammonia with water involves 
more than one reactant, it should not be called dissociation. 


Hydronium ion 


Modern studies show that a free proton, H*, cannot exist in aqueous solutions 
because it immediately reacts with water and produces a hydronium ion (also 
known as hydroxonium), H;O*: 


fee ee + 


O 
Hf SH 
H 


In the above scheme, the oxygen atom donates one of its lone electron pairs to the 


empty orbital of the hydrogen cation. All three O-H bonds in the hydronium ion have 
identical lengths, and the overall shape of the ion is a trigonal pyramid (Structure 2.2). 


Reactivity 3.1 Proton transfer reactions 


In this book, the H* symbol will be used as a shorthand equivalent of H30°. 
However, you should always remember that all acid-base processes in aqueous 
solutions involve hydronium ions rather than isolated protons. 


Alkaline species 


“Alkali” is a collective name for water-soluble bases, such as hydroxides of alkali 
metals (group 1 elements) and alkaline earth metals (group 2 elements). The 
broader term “base” includes all substances that demonstrate basic properties, 
regardless of their strength and solubility in water. For example, sodium 
hydroxide, NaOH, is both an alkali and a base while iron(II) oxide, FeO, is a base 
but notan alkali. 


Conjugate acid-base pairs (Reactivity 3.1.2) 


Another consequence of the Bransted—Lowry theory is that any Bransted-Lowry 
acid that loses a proton produces a Bransted-Lowry base. In turn, any Brønstéd- 
Lowry base that gains a proton produces a Brensted-Lowry acid. The acid-base 
pairs in which the species differ by exactly one proton are called conjugateacid— 
base pairs. 


For example, hydrogen cyanide (HCN) acts as a Bransted-Lowry.acid bylosing a 
proton and producing a conjugate base, the cyanide anion(GN ): 
HCN(aq) = H*(aq) + CN (aq) 
conjugate acid conjugate base 


lf we expand this equation to include a molecule of water, two different conjugate 
acid-base pairs will be formed: 


conjugate Conjugate 
base.2 acid 2 
HCN(aq) + H-O() b= ~——-H30* (aq) + CNi(aq) 
conjugate conjugate 


acid 1 base 1 


In a conjugate acid-base pair, the acidiand the base differ by exactly one proton 
(the acid has one.moreyproton than the base). For example, in the following 
equation, sulfuric acid (H2SO.) andthe sulfate’ion (S0477) do not form a conjugate 
acid-base pair)as they differ by two protons instead of one: 


HSO,(ag)— 2H*(aq) + SO,7 (aq) 


However, if we formulate the equations for stepwise dissociation of sulfuric acid, 
each of these equations will contain a pair of conjugates: 


H,SO,{aq) > H*(aq) + HSO, (aq) 


conjugate conjugate 
acid base 


HSO, (aq) > H*(aq) + SO,- (aq) 


conjugate conjugate 
acid base 


Notice how the same species (HSO) acts as a Bransted-Lowry base in one 
process and as a Bransted-Lowry acid in another. 


Practice questions 


3. 


Hydrogencarbonate ions, 
HCO; (aq), can participate in 
he following equilibria: 


CO (aq) + H2O(1) = 
CO? (aq) + H;O0*(aq) 


CO3 (aq) + H0(I) = 
2CO;laq) + OH (aq) 


dentify two conjugate acid- 
base pairs in each equation 

and state which species act 

as Bronsted-Lowry acids and 
which as Bransted-Lowry bases. 


Deduce the formula of the 
conjugate base of phosphoric 
acid, H3POx,. 


Deduce the formula of the 
conjugate acid of the ethanoate 
ion, CH3COO-. 
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Reactivity 3 What are the mechanisms of chemical change? 


Amphiprotic and amphoteric species 
(Reactivity 3.1.3) 


An interesting consequence of the Bransted-Lowry theory is that the same 
species can behave as both an acid and a base. For example, water can lose 
a proton and produce a hydroxide anion, or accept a proton and produce a 
hydronium cation: 


20(1) = H*(aq) + OH (aq) (water acts as amacid) 


20(1) + H*(aq) = H3O*(aq) (water,acéts,as a base) 


Moreover, one molecule of water can pass a proton to.another molecule of water, in 
which case the first molecule will act as an acid and the second moleculeas a base; 


H,O(|) + H20(1) = H3O*(aq) + OH (aq) 


Water and other species that can be both Bransted—Lowryiacids and Brensted- 
Lowry bases are often called amphiprotic (as they can acceptor donate a 
proton). A broader term, amphoteric, refers to species that can react with both 
acids and bases (and therefore-have both acidic and basie@properties). 


Any amphiprotic species is amphoteric: if it can donate a proton, it is an acid, 
and if it can accepta proton, it is a base. Howevernot all amphoteric species are 
amphiprotic. For example; zinc oxide can react with both acids and bases, so it is 
amphoteric: 


Zn@(s), + 2HEl(aq) > ZnCl(aq) + H,O(|) 
ZnQ(s) + 2NaOH(ag) + H2O(!) 4'Naz[Zn(OH).](aq) 


At the.same time, ZnO cannot. dénate a proton (as it has none), so it is not 
amphiprotic. 


2-Amino acids are amphiprotic organic compounds with the general formula 

H3N-CH(R}@>GOOH where R is a hydrocarbon or other organic substituent. In 
neutral aqueous solutions, 2-amino acids exist as zwitterions (from the German 
zwitter, hybrid”), which have both a positive and a negative charge within the 
same species: 


# —Ht + -H+ 
HN — -Eh — COOH H3N—-CH—COO- HyN—CH—COOo- 
+Ht | +Ht 
R R R 
cation zwitterion anion 
(acidic solution) (neutral solution) (basic solution) 


In acidic solutions, zwitterions act as Bransted-Lowry bases by accepting a 
-Amino acids are\struetural proton and producing cations. In basic solutions, zwitterions act as Bransted— 
i oteins and Lowry acids by losing a proton and producing anions. 
ically important 


organic species, anthocyanins, will 


Š NA A Consider the following species: HF, F~, NH3, NH4*, H3POa, H2PO.7, HPO.27, 
be discussed later in this topic. 


PO, Al,O3, Zn?*. State, with a reason, which of these species can act as 
Brensted-Lowry acids, Bransted—Lowry bases, or both. Identify amphiprotic 
and amphoteric species. 


542 


Reactivity 3.1 Proton transfer reactions 


The pH scale (Reactivity 3.1.4) 


The value of [H*] in an aqueous solution can be very small, so [H*] is often 
represented by its negative decimal logarithm, known as the potential of 
hydrogen, pH: 


pH = —log[H*] 


PH is used to characterize the acidity or basicity of aqueous solutions over a 
broad range of H* concentrations (table 1). 


Acidic solutions with high concentration of H* ions have low pH, while 

basic solutions with low [H*] have high pH. This follows from the definition 

pH = —log[H*]: the higher the value, the lower its negative logarithm. At 
25°C (298 K), pure water and solutions with pH = 7 are called neutral, as they 
have equal concentrations of H* and OH" ions. The pH of an acidic solution is 
less than 7, while the pH ofa basic solution is greater than 7. These definitions 
are summarized in table 2. 


Solution [H+] and [OH] 


acidic <i, [H*] Z [OH] 7 
neutral | 7 [*h= [Oh 
basic | z7 A maca 


A Table2 Acidic, neutral and basic aqueous sølutiońsat 298 K 


0.100 mol dm solution of hydrogen chloride contains 0.100 mol dm™ H*(aq) 
ions. The pH value of this solution will be —log 0.100 = 1.00. As expected, 
.00 < 7, so the solution is acidic. 


If the pH of a solution is known, thescon¢entration of HÈ ions În that solutions can 
be calculated using the formula [H+] = 107°". Hydrochloric acid with pH = 3 will 


have a hydrogen chloride concentration of 107° 0.001 mol dm”. 


6. Calculate the pH value for 0,0100.mol dm~” aqueous solution of 
sulfuric acid. 


7, Calculaté the concentration of nitric acid in its aqueous solution with 
Pag 4.2. 


Ina modern chemical laboratory, the pH ofa solution can be measured with high 
accuracy and precision,by a digital pH meter (figure 2). Alternatively, the pH can 
be estimatediusing universal indicator, which gradually changes colour across 


the whole,pH range, as shown in table 1. 


If you know the concentration of H*(aq) in solution, you can work out the pH. A 


[H*] | pH | Example 
x10% liquid drain 
cleaner 
x 1078 bleach 
x 10 ammonia solution 
x10" mild detergent 
Poan y toothpaste 
x10? baking soda 
x 108 seawater 
[1x10 punta) 
x 10° urine 
_|x 0 4 black coffee 
x 10% tomato juice 
0.001 orange juice 
0.01 vinegar 
(OR gastric juice 


d 


battery acid 


A Table] The pH scale 


The formulas pH = —log[H*] and 
[H+] = 10°! are given in the data 


booklet. 


y 


A Figure 2 Digital pH meter 
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Reactivity 3 What are the mechanisms of chemical change? 


In this task, you will explore the logarithmic nature of the 3. Create another solution that is ten times more dilute 
pH scale by performing serial dilutions and measuring the again and so on until you end up with five solutions, 
pH of the resulting solutions. You will also consider the each with a concentration different from the next by a 
advantages and disadvantages of measuring pH with a factor of 10. 
probe compared to pH paper. 4. Repeat step 2 for sodium hydroxide. 
Relevant skills Arrange your five HCl(aq) solutions and fiveNaO H(aq) 
e Tool 1: Measuring pH ofa solution solutions in a rack. Calculate the concentration of 
hyd ions in each. Calculate the pH. 
e Tool 1: Carrying out dilutions ee es Se al 
] 6. Calibrate the pH probe by following the instructions iin 
* Tool 2: Use sensors the accompanying manual. 
e Tool 2: Represent data in graphical form 7. Using the pH.probe, measure the pH of eachisolution. 
e Tool 3: Calculations involving logarithmic functions 8. Meastire thelpH of each solutién again, But this time 
e Inquiry 1: Calibrate measuring apparatus, including using pHypaper 
AGS Questions 
Safety 14 Commenñt on the difference between the pH values 
e Wear eye protection measured with thefprob&and those measured with 
; ; : pH paper. 
e Wear gloves when handling chemicals (hydrochlori¢ . 
acid and sodium hydroxide at these concentratioñs 2. What are the adyantagesand disadvantages of pH 
are irritants) probes,and pH paper? 
* Dispose ofall substances appropriately 3. Comment on any differences you observe between 
your calculated and measured pH values. 
Materials 4. WhichpH values have greater reliability: those you 
e 1.0 mol dam™ hydrochloric acid, HCl(ag) measured with a probe or the ones you obtained with 
* 1.0 mol dm™ sodium,hydroxideħNaOH (aq) pH paper? 
e graduated pipettes 5. Table 3 shows the change in pH ofa strong acid 
ooh during the addition of a strong base. Enter the data 
e distilled water into a spreadsheet. 
e test tubes and rack 6. Plotagraph showing the relationship between pH 
* pH probes including calibration solutions and volume of NaOH(aq) added. 
* pH (liniversalindicator) paper 7. Using the spreadsheet, convert the pH values into 
concentrations of hydrogen ions. 
Insgugtions 8. Plota graph showing the relationship between 
1, Review'the section in the Toolsfor chemistry chapter hydrogen ion concentration and volume of NaOH(aq) 
thatdiscusses serial dilutions. added. 
2. Prepare and label five consecutive solutions of HCl(aq), 9. Based on your graphs, discuss the advantages of 
by performing serialidilutions. Start with 1.0moldm™ using a logarithmic scale such as the pH scale for 
HGl(aq), andicarry out a ten-fold dilution, resulting in a measuring acidity. 
0.10 molhdm®? solution. 
Volume of NaOH(aq) KO 1:0 2.0 3.0 4.0 45 50 55 6.0 7.0 8.0 
added / cm? 
pH 130 ikar CO AE ES 10.00 |12.80 |13.30 3A401350 |13.51 


A Table 3 pH measured on the addition of a strong base to a strong acid 


Reactivity 3.1 Proton transfer reactions 


lonic product of water (Reactivity 3.1.5) 


Water dissociates into H* and OH" ions: 
H2O(|) = H*(aq) + OH (aq) 


Like any other equilibrium, the dissociation of water can be characterized by its 
equilibrium constant, K: 


[H*]OH] 
K=O 
[H20] 
where [H*], [OH7] and [HO] are the equilibrium concentrations of participating 


species. As the density of pure water at room temperature is approximately 
1,000 g dm", the mass of each dm? of water is about 1,000g, and the amount of 
water in 1 dm? is: 
m(H,0) _ __1000g 
M(H,O) 18.02 gmol” 
Nearly all water molecules exist in undissociated form. Therefore, in any dilute 


solution, the equilibrium concentration of water will have approximately the same 
value, 55.5 moldm™. 


=55.5mol 


The equation for K can be rearranged as follows: 
Kx[H,0]=[H*]JOH] 


Both factors on the left, K and [H20], are constants „so their préduct is also a 
constant. This new constant, Ky = K x [H-O]; is calledithe ionic productof 
water: 


K, = [H+][OH7] 
o N -14 

At room temperature (25°C, of 298 K)AK„ = WOO x 1074, T E 
The value of Ky = 1.00 x 1074 canìbe used only for dilute aqueous solutions. In 298 Kare given in the data booklet. 
a concentrated solution (for example, in battery acid containing 30% HSO, by 
mass), the concentration’of water becomes significantly less than 55.5 mol dm~, 
which affects the value of K,,. In’addition, the K,, value increases with 
temperature. In this book, we will assume.thatall solutions are dilute and havea 
temperature of 25 °€ (298 K), so the Ky value remains constant. 


If we removeia proton from a water molecule, a hydroxide ion will be left, so the 
amounts and concentrations ofthese ions in pure water will always be equal. 
Therefore, [H4 = [OH] and so each concentration can be found as a square root 
othe 


[H*] = [OH] =V1.00 X10-* = 1.00 x 107 moldm=3 


This means that for each 55.5 mol of water, only 1.00 x 1077 mol exists as ions. 

In other words, only one in approximately 1,800,000,000 water molecules 
dissOciates into Ħt(aq) and OH (aq) ions, while the rest of the molecules stay in 
the form of H3O(|) species. This is the reason why water is represented as H2O(|) 
molecules rather than H*(aq) and OH (aq) ions in ionic equations. 
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Acids and bases can affect the concentrations of H*(aq) and OH (aq) ions in 
aqueous solutions. For example, if we dissolve hydrogen chloride in water, more 
H*(aq) ions will be produced: 


HCl(aq) > H*(aq) + Cl-(aq) 


According to Le Chatelier’s principle (Reactivity 2.3), the increased;Concentration 
of H*(aq) ions will shift the position of the following equilibrium to the left: 


H,O(aq) = H*(aq) + OH (aq) 


Asa result, the concentration of OH (aq) ions willdectease Therefore, in an 
acidic solution, [H+] will always be greater than [OH |], 


Worked example 2 


Calculate the concentration of OH#aq) ions in a 0.100 moldm;® solution of 
hydrogen chloride at 25 °C. 


Solution 
A 0.100 mol dm™ HCISolutionwill contain 0.100 mol dm=? H*(aq) ions: 
HCl(aq) > H*(aq) + Cla(aq) 
c,mohdm™ 0.100 0.100 0.400 
Since Ke =[H*]IOH"], weean find the concentration of OH (aq) ions as follows: 


ROO x164 = 0.100 x [OH] 
[oe = 1.00 x 10% 


Calculate the concentrations 0.100 

of H*(aq) and OH “(aq) ions in a = 1.00 x Wmol dm? 

0.0500 mol dm™ aqueous solution 

of potassium hydroxide: As expected, 0.100 = 1.00 x 107, so [H+] > [OH]. 


An addition 6fa base will increase the concentration of OH“(aq) ions in the 
Solution and decrease the concentration of H*(aq) ions. Therefore, in a basic 
solution, [H*] will be lower than [OH]. 


Properties of acids and bases (Reactivity 3.1.6) 


Properties of acids 


All Bransted-Lowry acids must contain at least one exchangeable (weakly 
bound) hydrogen atom that can detach from the rest of the acid molecule. 
Exchangeable hydrogen atoms usually form bonds with highly electronegative 
atoms, such as oxygen, halogens or sulfur. In almost all organic acids, 
exchangeable hydrogen atoms are bonded to oxygen. 
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Reactivity 3.1 Proton transfer reactions 


For example, hydrogen chloride, sulfuric acid and ethanoic (acetic) acid have the 
following structural formulas: 


H 
H—O O O 
SZ | 4 
H—ci a y oe B 
N v 
H= 0 O | O—H The nomenclat cture and 
hydrogen chloride sulfuric acid ethanoic acid properties of organic acids are 


discusse; 
The exchangeable hydrogen atoms are shown in red. In aqueous solutions, these ~ 
hydrogen atoms dissociate and form H*(aq) (or H3O*(aq)) cations, while the 
remaining part of the acid produces an anion, also known as the acid residue. 


Here are three examples of acid dissociation: 
HCl(aq) + H*(aq) + Cl-(aq) 
H,SO,(aq) > 2H*(aq) + SO,7 (aq) 


CH3;COOH{(aq) = H*(aq) + CH3COO “(aq) 


Notice that ethanoic acid contains four hydrogen atoms, but only one of them 

is exchangeable. To explain this, you need to consider the electronegativities of 

hydrogen (y = 2.2), carbon (y = 2.6) and oxygen (y = 3.4). Hydrogen and carbon ~ 
have similar electronegativities (Ay = 2.6 — 2.2 = 0.4),So the C-H bond has low ) Flechoneoatviy and bond polarity 
polarity and does not break easily. In contrast,the difference in electronegativity l are discussed in Structure 2.2. 


between hydrogen and oxygen is significant (3.4— 2.2=1.2), so the O-H yphe electronegativity values for 
bond is highly polar. Since the bonding electron pair is shifted towards themore all elements are given in the data 
electronegative O atom, the less electronegative H atom develops a partial booklet. 


positive charge. As a result, it dissociates readily to form an H*(aq)ion. 


In inorganic acids containing‘oxygen (oxeacids), all hydrogen atoms are usually 
bonded to oxygen, and so are exchangeable. 
HAL —cl H— Om: Clee O 


hypdÉhi Mus acid Horou cA Draw the structural formulas for 


the following oxoacids: chloric 
CIO;), perchloric (HCIO,), 
carbonic (H,COs) and phosphoric 
3PO,). 


Depending on the number of exchangeable hydrogen atoms, acids are 
classified as: 


e —monoprotic (one exchangeable hydrogen atom), for example, HCI 
e “diprotie(two exchangeable hydrogen atoms), for example, H2SO4 
e — triprotic (three exchangeable hydrogen atoms), for example, H3PO.. 


In contrast to inorgani@acids, organic acids often contain both exchangeable 
and nonexchangeable hydrogen atoms. For example, both methanoic and 
ethangic acids are monoprotic, even though their molecules contain two and 
four hydrogen atoms, respectively. 
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Reactivity 3 What are the mechanisms of chemical change? 


The formulas and names of common acids and their anions are given in table 4. 
Along with the systematic names, many organic acids have trivial names, which 
are shown in brackets. 


Formula | Strength Formula | 
HF hydrogen fluoride weak F= fluoride 
HCI hydrogen chloride strong ion chloride 
HBr hydrogen bromide strong Bro bromide 
HI hydrogen iodide strong 7 9 iodide 
H2S hydrogen sulfide weak S~ sulfide 
HCN hydrogen cyanide weak GN- D. cyanide 
HNO; nitric strong NO; nitrate 
HNO, nitrous weak NO nitrite 
| H)SOx sulfuric ‘strong, M SOZ) \ sulfate 
H2SO3 sulfurous weak SO3;7- sulfite 
HPO, phosphoric weak d PO phosphate 
HPO; phosphorous weak POR” phosphite 
HCIO, perchloric >, strong CIO perchlorate 
HCIO; chloric strong ClO; chlorate 
HCIO, chlorous \ F weak _ | acO; chlorite 
HCIO hypochlorous weak a. ClOz hypochlorite 
HCO; carbonic, weak b | CO;7 carbonate 
HCOOH methanoic(formic) weak HCOO- methanoate (formate) 
CH3;COOH ethanoic (acetic) weak CH;COO- ethanoate (acetate) 
H.C ethanedioic (oxalic) weak CO ethanedioate (oxalate) 


A Table 4 Common acids and their anions. Exchangeable protons are shown in red 


Althoughthe names hydrogen chloride and hydrochloric acid refer to the same 
substance, HCl, they have slightly different meanings in chemistry. When we say, 
“hydrogen’chloride”, we mean an individual compound, HCI, which is a gas 
under.normal conditions, while “hydrochloric acid” is a solution of HCI in water. 
Therefore, it is incorrect to say, “a solution of hydrochloric acid”, as “hydrochloric 
acid” already refers to a solution. 


Similar problems may arise when we talk about sulfuric acid, which is often used as 

an aqueous solution but can also exist in pure form (so-called “100% sulfuric acid”). 
When this difference is important, we should always say, “aqueous sulfuric acid” when 
we refer to a solution, or “anhydrous sulfuric acid” when we refer to pure H2SO4. 


An important characteristic of any acid is its strength. Strong acids, such as 
hydrogen chloride, dissociate completely in aqueous solutions. If we dissolve 
one mole of HCI in water, the resulting solution will contain one mole of hydrogen 
cations and one mole of chloride anions but no HCI molecules. In other words, 
the dissociation of HCl is irreversible, which is represented by the single arrow: 


HCl(aq) > H*(aq) + Cl(aq) 


In addition to hydrogen chloride, six other strong acids are listed in table 4. You 
are advised to memorize their formulas and names. 


Reactivity 3.1 Proton transfer reactions 


Weak acids, such as ethanoic acid, dissociate only to a small extent when 
dissolved in water. For example, table vinegar (an aqueous solution of ethanoic 
acid) contains both CHCOOH molecules and the products of their dissociation, 
H*(aq) and CH;COO (aq) ions. The reversible nature of this process is 
represented by the equilibrium sign: 


CH;COOH(aq) = H*(aq) + CHzCOO (aq) 


Almost all organic and many inorganic acids are weak, so if an acid is not listed 
in table 4, it is safe to assume that it is weak. There are a few exceptions, but they 
are not discussed in DP chemistry. 


The strengths of acids and bases have no direct relationship to the concentrations 
of their solutions, so the terms “strong” and “weak” should not be confused with 
“concentrated” and “dilute” (table 5). The colloquial phrases “strong solution” 
and “weak solution” will not be accepted in the IB assessments. 


Concentrated 


10 mol dm? HCI 0.1 moldmHCl 


10moldm™? CHCOOH 0.1 mol dm ##€H3COOH 


A Table 5 Examples of solutions of acids with different strength.and concentration 


The strength of oxoacids generally increases with the oxidation state of the 
central atom. In turn, a higher oxidation state usually means that the acid 
molecule contains more oxygen atoms. For example, the nitrogen atomin weak 
nitrous acid, HNOz, is bound to two oxygen. atomsiand has an oxidation state of 
+3. An addition of another oxygen increases the oxidation state of nitrogen from 
+3 to +5 and produces strong nitri@acid, HNO3. Similarly, strong sulfuric acid, 
H2SOz, has a higher oxidation state of sulfur and more oxygen atoms than weak 
sulfurous acid, H,SO3. 


Binary acids (acids that’consist of only two elements) demonstrate clear periodic 
rends: their strength increases along the period/and down the group (figure 3). 
For example, in the third.period, phosphine,(PH),does not show any acidic 
properties in aqueous solutions, hydragen’ sulfide (PZS) is a weak acid, and 
hydrogen chloride (H€\).is a strong acid. Similarly, down group 17, hydrogen 
luoridé (HF) is a weak:acid while thetether thrée hydrogen halides (HCI, HBr and 
HI) are strongaacids. 


groups 
14 5 16 17 


A Figure3 Periodic trends in the strength of binary acids 


Formulate the equations for the 
dissociation of hydrogen,bromide, 
hydrogen cyanide‘and,methanoic 
acid. Do not forget to usea single 
arrow for strong,acids,and_an 
equilibrium sign for weak acids. 


) Oxiebtion states of elements were 
_ introduced in Structure 3.1. 


Write down the formulas of 

all oxoacids of chlorine and 
phosphorus from table 3. Deduce 
the oxidation states of these 
elements in each acid and outline 
how they affect the acid strength. 
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Reactivity 3 What are the mechanisms of chemical change? 


Formulate the equations for 
the stepwise dissociation of 
phosphoric acid. 


Diprotic or triprotic weak acids dissociate stepwise, for example: 


2SO,(aq) = H*(aq) + HSO; (aq) 


SO; (aq) = H*(aq) + SO;* (aq) 


The second proton dissociates to a much smaller extent than the firstfso nearly 

all H* ions produced by a polyprotic acid are formed on its first dissociation step. 
The reason for that becomes clear if we consider the charges on the ions‘involved 
in the above equations. The first step produces H*(aq) ands SO5 (aq) ions. These 
ions exert electrostatic attraction on each other, so pulling them apart requires 
some energy. On the second step, the electrostatic attraction, between H*(aq) 
and SO;* (aq) ions is much greater, as the anion S037 (aq) is' doubly, charged. As 
a result, the second step requires more energy, which makes this process less 
likely to occur. 


Properties of bases 


Despite the difference in chemical properties, bases show many similarities to 
acids in terms of their behaviour in aquéous solutions. Where an acid produces 
an H*(aq) ion, a base eithePproduces an OH “(aq)ion (Arrhenius base) or accepts 
an H*(aq) ion (Bransted-Lowry base). However, the general principles behind 
these processes remaimthe same and thus can beexplained by similar concepts 
and equations. 


Most ifhorganic bases are metal hydroxides) which contain a metal atom and 
one or more OH groups. The nature of the chemical bond between the metal 
and.the OH group depends on themetal electronegativity. Alkali metals (Li, 
Na, K, Ro.and Cs) and most group)2 metals (Mg, Ca, Sr and Ba) have very low 
electronegativities, so theyformsonic hydroxides. Such hydroxides consist of a 
metal cation (M’*) and one or more hydroxide anions (OH ). 


All ionic hydroxides aréstrong bases. Except for Mg(OH)2 and Ca(OH), they are 
readily soluble in water and fully dissociate into ions, for example: 


NaQOH(aq) > Na*(aq) + OH (aq) 


Ba(O)(aq) > Ba?*(aq) + 20H (aq) 


Calcium hydroxide is only slightly soluble in water, and magnesium hydroxide 
is almost insoluble. Ifan excess of such hydroxide is added to water, a 
heterogeneous equilibrium between the solid base and aqueous ions is 
established: 


Mg(OH).(s) = Mg?*(aq) + 2OH (aq) 


Ca(OH).(s) = Ca?*(aq) + 2OH (aq) 


These hydroxides are strong bases, so their solutions contain no undissociated 
molecules of Mg(OH)2 or Ca(OH)». The reversible nature of the above processes 
is caused by low solubility of these bases in water, not by their low strength. 


Reactivity 3.1 Proton transfer reactions 


Less active metals, such as beryllium, aluminium and all transition elements, form 
covalent hydroxides, in which the metal atom and the oxygen of the OH group 
are linked together by a polar covalent bond. For example, both Fe(OH), and 
Fe(OH); are covalent hydroxides. Almost all covalent hydroxides are weak bases. 
In addition, these hydroxides are virtually insoluble in water, so they only show 
their basic nature in reactions with acids. 


Ammonia (NH3) is one of the few inorganic bases that does not contain a metal. 
As discussed earlier, aqueous ammonia acts as a weak Bransted-Lowry base by 
accepting a proton from an acid or water: 


NH;(aq) + H*(aq) = NH.*(aq) 


NH;(aq) + H2O(I) = NH.*(aq) + OH (aq) 


In chemical equations, aqueous ammonia is often represented as ammonium 
hydroxide, NH,OH(aq), which is unstable and exists only in solutions: 


NH,(aq) + H2O(!) = NH,OH(aq) 


The organic derivatives of ammonia, amines (Structure 3.2), contain/one, two or 
three hydrocarbon substituents at the nitrogen atom: 


H H CH3 CH3 


H=NŅ=H H — N — CH3 H — N —z CHg H3C — N — CHa 
ammonia methylamine dimethylamine trimethylamine 
Instead of methyl groups (-CH3), amines,may contain any other hydrocarbon 


substituents, such as ethyl (-CH,CHs), phenyl (-C;H;) and so on. Acid-base 
properties of amines are similarto thos@®of ammonia, for example: 


CH3NH,{aq) + H*(aq) = CH3NH3"*(aq) 


CH3NH,(aq) + H2O(!) = CH3NH3*(aq) + OH*(aq) 


Practice questions 
8. Amines are organic derivatives of ammonia. 


a. Formulate moleculanand ionic equations for the reaction of 
hydrochloric acid.with the following amines: 


i. dimethylamine 
ii. trimethylamine. 


b. Identify conjugate acid-base pairs in each ionic equation and state the 
role (Bransted-Lowry acid or Breansted-Lowry base) of each species. 
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The anions of weak acids can also act as Bransted-Lowry bases. For example, the 
ethanoate ion is produced by the dissociation of ethanoic acid: 


CH3COOH(aq) = H*(aq) + CH3COO (aq) 


If we reverse this equation, the basic nature of the ethanoate ion will become 
obvious: 


CH3COO (aq) + H*(aq) = CH3COOH(aq) 


The driving force of acid-base reactions is the formation of weak conjugates. For 
example, ethanoic acid, CH;COOH, is a weak acid. Therefore, the dissociation 
of ethanoic acid is an unfavourable process, so only'a small proportion of the acid 
exists as ions while most CHCOOH molecules remaimundissociated. In contrast, 
the reaction of a CH3COO (aq) ion (base) withfa proton produces CH;COOH 
(weak conjugate acid), so the equilibrium of this process is shifted alfMost 
completely to the right. 


In aqueous solutions, ethanoate ions react With. water, producing OH (aq) ions: 


CH3COO (aq) + H2O(!) = CH3;COOH(aq) + OH (aq) 


Practice questions This reaction involves tWo,conjugate acid-base pairs: CH3COO™ (base)/ 
9. Formulate the equations, CHCOOH (acid) anchH!.O (acid)/OH™ (basé)Water is a weaker acid than 
showing the states of all species, ethanoic acid, so theequilibrium of this reaction is shifted to the left. 


Awhichthefollowingionsact Anions,of pólyprotic acids behave as polyprotic bases, for example: 
as Brønsted-Lowry bases: 


a. cyanide ion, CN- CO: lao) + H"aq) SACOs (aq) 


b. phosphate ion, PO3- HCO3{aq) + H*(aq)= H2COs(aq) 
c. hydrogenphosphate ioni, These Processes are similar tõthe stepwise dissociation of weak polyprotic acids, 
HPOZ”. except that all reactions are now reversed. 


Chemists,classify substances based on patterns they observe. Three main 
acid-base classification systems have evolved over time: Arrhenius, Bransted- 
Lowry and Lewis. According to Arrhenius theory, acids release H* ions 
‘in aqueous solution, whereas bases release OH” ions. Bransted-Lowry 
theory is based on the ability of species to donate or accept protons (H* 

ions). Both these theories are relevant in the study of acid-base systems in 
aqueous media. Lewis theory (which you will learn about in Reactivity 3.4) 
defines acids and bases in terms of their ability to accept or donate electron 
pairs and is therefore independent of the solvent. These theories represent 
related, but different, classification systems, each with its own advantages and 
disadvantages. For instance, Lewis theory covers a broad range of reactions, 
whereas Brønsted-Lowry theory underpins many of the pH calculations and 
equilibria you are familiar with. 

What other classification systems have you encountered in chemistry? Why do 
scientists often classify their objects of study? 
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Reactivity 3.1 Proton transfer reactions 


Reactions of acids and bases (Reactivity 3.1.7) 


You have already seen how acids react with bases in neutralization reactions. In 
addition to these reactions, most acids react with metals, metal oxides and salts 
of weak acids, such as carbonates and hydrogencarbonates. The reactions of 
acids with active metals produce salts and hydrogen gas (figure 4), for example: 


Mg(s) + 2HCl(aq) > MgCl.(aq) + H2(g) 


For strong acids, the actual reacting species are hydrogen ions, H*(aq), which 
can be shown by ionic equations. In the total ionic equation, all ions present in 


the solution are shown: 
Ma(s) + 2H*(aq) + 2C! (ag) > Mg**(aq) + 2C! (ag) + Hlg) total ionic equation 


lons that do not participate in the reaction are called spectator ions. The anions 
ofa strong acid are spectator ions, and hence the chloride anions can be 
cancelled out to give the net ionic equation: 


Mag(s) + 2H*(aq) > Mg?*(aq) + H2(g) net ionic equation 


In contrast, ionic equations involving weak acids must show the acids in the 
molecular form, as they are less likely to dissociate: 


Mag(s) + 2CH3COOH(aq) > Mg(CH3COO).(aq) + H2(g) molecular equation 


Mag(s) + 2CH3;COOH(aq) > Mg?*(aq) + 2CH3COO*(aq),+ H2(g) ionic equation 


In the last example, there are no spectator ions, so.the total and net ionic 
equations are identical. 


Strong and weak acids can be distinguished,by comparing the rates of their 
reactions with an active metal(figure 4). However, such comparison will be valid 
only if the concentrations of both acids are equal, as the reaction rate depends on 
the reactant concentrations (Reactivity2. 2). 


Reactions of acids with metalioxides produce salts and water. For example: 


MgO(s) + 2HCl(ag) + MgGli(aq) + H,O()) molecular equation 


MgO\s) 2Ha 20an) = Mg**(aq) B2C\(49) +H 201) total ionic equation 


MgO(s)+ 2H*(aq)-> Mg**(aq) + H2Q(!) net ionic equation 


The last equation shows that magnesium oxide accepts two H* ions and thus acts 
as a Bransted-Lowry base. Therefore, reactions of acids with metal oxides can be 
Classified as neutralization reactions. 


e C, 
Practice questions 
10.#Formulāte.the molecular and ionic equations for the reactions of 
af lithium metal with ethanoic acid 
b. aluminium metal with dilute sulfuric acid. 


11. Formulate the molecular and ionic equations for the reaction of 
iron(lll) oxide, Fe,O;(s), with: 


a. hydrochloric acid 


b. dilute sulfuric acid. 


A Figure 4 Reaction of magnesium metal 
with hydréchlorieacid (left) and ethanoic 
acid (right) of equal concentrations 


~~, 

\ The term “active metals” refers 

) to éléments above hydrogen in 

_the activity series, which is given 

~ in section 19 of the data booklet. 
Copper, silver and other metals 
after hydrogen in the activity series 
do not react with most acids and 
never produce hydrogen gas in 
such reactions. 
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Metal carbonates also react with acids, producing unstable carbonic acid, H»CO3: 
a,CO,(aq) + 2HCl(aq) > 2NaCl(aq) + H2CO;(aq) 


Carbonic acid quickly decomposes into water and carbon dioxide, which 
bubbles out of the solution (figure 5): 


H,CO,(aq) > CO,(g) + H,0\(|) 


These two reactions are often combined together: 


a CO,(aq) + 2HCl(aq) > 2NaCl(aq) + CO.\g)eb H2O(|) 


A Figure 5 Reaction of baking soda with Again, the net ionic equation reveals the nature of this process: 

anacid 

2Na*(aq) + CO3? (aq) + 2H*(aq) + 2CI-(aq) > 2Na*(aq) + 2CI-(aq) + CO2(g) +4011) totalionic equation 
CO,” (aq) + 2H*(aq) > COg) + H20(!) netionic equation 


As in the previous example, the anion of weak carbonic acid, O37, acts as a 
Bronsted-Lowry base by accepting two protons:before decomposing to carbon 
dioxide and water. 


Metal hydrogencarbonates, such as baking soda, NaHCOs, react with acids in 
the same way as carbonates: 


NaHCO(aq) + HCl(aq) > NaCl(aq) + COs(g) + HO (I) molecular equation 
Na*(aq) + HCO; (aq) + H*(aq) + Cl-(aq) & Na*(aq)+ Cl-(aq) + CO2(g) + H201|) total ionic equation 
HCO; (aq) + H*(aq) > CO2(g) + H2O(1) net ionic equation 


In this casepthe hydrogencarbonate ion, HCO; , acts as a Bransted-Lowry base 
byaccepting a proton before decomposing to carbon dioxide and water. 


Acid deposition, a secondary pollutant, can take many different forms 
including rain, snow, fog and dry dust. The components of acid deposition 
(the primary pollutants) may be generated in one country and, depending 

on climate patterns, may be deposited in neighbouring countries or even 
different continents. There are no boundaries for acid deposition. The effects 
of acid rain may occur away from the actual source leading to widespread 


Practice questions deforestation and pollution of lakes and river systems. National and regional 
environmental protection agencies throughout the world collaborate in an 
12. Formulate the molecular and effort to better understand and control acid deposition. The US Environmental 
ionic equations for the reaction Protection Agency and the Acid Deposition Monitoring Network in East 
of dilute’sulfuric acid with Asia (EANET) websites provide data that can be used in the discussion of 


f secondary pollutants and their political implications. 
a. potassium 


hydrogencarbonate How can our understanding of chemistry help to address environmental 


; problems such as acid deposition? 
b. calcium carbonate. 
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Reactivity 3.1 Proton transfer reactions 


Antacids 


Heartburn and other symptoms of indigestion are caused by excess hydrochloric 
acid in the stomach. These symptoms can be alleviated by medicines known 

as antacids (figure 6). The active ingredients in antacids are weak bases, such 

as metal oxides, hydroxides, carbonates and hydrogencarbonates. All these 
compounds neutralize the excess acid. 


Like any pharmaceutical drugs, antacids have various side effects. In particular, 
carbon dioxide produced in the body from the reaction of stomach acid with 
carbonates and hydrogencarbonates causes bloating and belching, while the A Figure 6 “Milk of magnesia”, a 


intake of metal ions disturbs the balance of electrolytes in the body. suspension ofmagnesium hydroxide in 
water, isa common antacid 


TOK 


Pharmaceutical drugs (for example, antacids) are subject to rigorous efficiency 
tests prior to approval by the relevant health authorities. This process often 
includes placebo-controlled clinical trials, where participants are placed into 
two groups. Half of the study participants are given the drug and the other 
half are administered an inactive placebo. Participants do not know which 
group they are in and therefore do not know whether they have received the 
active drug or the placebo. The results from the two groups are compared to 
ascertain that any observed physiological reactions are due to the treatment: 

f the drug works, it should have the desired therapeutic effect on the 
participants who received the active drug, butnot onthe members of the 
placebo group. 


Sometimes, a therapeutic effect isObserved in people who are given the 
placebo. This is known as the placebo effect, Statistical and methodological 
approaches can be used tossess and control the impact of the placebo 
effect on the results. 


How could a participant’S(or a doctor's) awarenessiof thévexistence and 
administration of placebos affect the results of the trial? To what extent is bias 
inevitable in the production.of knowledge? The mechanism of the placebo 
effect is not fullyunderstood. Are some’things unknowable? 


When balancing acid-base equations, you should use the following steps: 
1. Balanceall nonmetals excepthydrogen and oxygen. 


2. Balance all metals. Ifyou need to change any stoichiometric coefficients 
deduced earlierpreturn torstep 1. 


3. Balance hydrogen. Again, if you need to change any coefficients, return to 
step l 


4f At thispoint, the equation should be balanced already. To verify it, count the 
oxygen atoms in the reactants and products. If their numbers do not match, 
return to step 1. 


In most cases, this strategy produces a balanced equation with the fewest trials. 
This strategy works well for acid-base reactions, in which none of the elements 
change their oxidation state. It can also be used for most reactions of acids with 
metals. 
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Worked example 3 

Deduce the balanced equation for the following chemical HPO, + CaCO; > Ca,(PO,). + CO, + H20 
reaction: 

Solution 

Besides H and O, the equation involves two nonmetals, 2H3PO, + 3CaCO; —> Ca;(PO,): + 3G@3s H20, 


P and C, which should be balanced first. 


atoms on the right but only one on the left, so we need to 


write “2” in front of H3PO.: 


2H3PO, + CaCO; > Ca3(POx)2 + CO3 + HO 


Carbon seems to be balanced already (one atom on each 


side), so we can now look at metals. The 


equation is Ca (one atom on the left, three atoms on the 


right), so we write “3” in front of CaCO3; 


There are two P , 
Steps 1 and 2 are complete, so the nextelement is 


hydrogen. There are six H atomsion the left but only two on 
the right, so we need to write, “3” before 20: 


2H3PO. + 3CaCO; > Cas(POx)y+ 3CO2 + 3H20 


Step 3 is complete, so we need to check thelast remaining 
element, oxygen.Aherelare 2 x 4 = 8 O atoms in 2H3PO, 
and 3 x 3=9 © atoms in 3CaCO¥, so We havena.total of 
8+9=17 @ àtoms on thelleft. On the right, there are 


only metal in the 


2H3PO, + 3CaCO; > Ca;(PO.)2 + CO + H2O 4 x 2 = 80 atomsjin Ca3(PO,)., 3x 2 = 6 O atoms in 3CO, 


However, this changes the balance of carbon (three atoms 
on the left, one on the right), so we need to write “3” 


before CO): 


The balancing of redox equations 
(those involving changes in the 
oxidation state of participating 
elements) will be discussed in 
Reactivity 3.2. 


and 3Ọ atomsin 3H;0, so the total number of O atoms 
onthe rightis‘also 8 + 6 + 3=17. Therefore, oxygen is 
balancedand so is the equation. 


Identification of parent acids and bases 


Salts are often produced/by neutralization reactions. One way to identify the 
parent acid and base for a particular salt is to formally split the salt into cation(s) 
andanion(s). For example). sodium sulfate, Na2SOa, consists of two Na* cations 
and one SO,” anion: 


Na SO. aZ Na 50,27 


Now we ean add hydroxide ions to cations and protons to anions according to 
théir charges: 


Na+ OH” > NaOH 
2H* + S047 > HSO, 


Therefore, the parent base and acid for NaSO; are NaOH and H2SO,z, 
respectively. 


The same result could be obtained by analysing the systematic name of the salt. 
The word “sodium” in “sodium sulfate” refers to sodium hydroxide, NaOH, while 
the word “sulfate” refers to sulfuric acid, H2SO, (table 4). 


For ammonium salts, such as NH,Cl (ammonium chloride), the parent base could 
be either NH; (ammonia) or NH4OH (ammonium hydroxide). Both answers will 
be accepted in IB assessments. 


Reactivity 3.1 Proton transfer reactions 


pH curves (Reactivity 3.1.8) 


The unknown concentration of an acid or base in a solution can be determined by 
titration (Reactivity 2.1) using a standard solution of a base or acid, respectively. 
The reaction progress can be monitored using a digital pH meter (figure 7) and 

a data logger, which automatically records the pH of the reaction mixture as the 
standard solution is added to the analysed solution. 


The pH data collected during a titration experiment can be plotted against the 
added volume of the standard solution, producing a pH curve (figures 8 and 9). 
The overall shape of the pH curve depends on the strengths and concentrations 
of the reactants and on the addition order. 


When a strong acid, such as HCI, is titrated with a strong base, such as NaOH, 
the curve intercepts the y-axis at a low pH value (figure 8), as the analysed solution 
is strongly acidic. Typical concentrations of acids and bases used in titration 
experiments are from 0.01 to 1 moldm~?, so the initial pH may vary from, 2 to O, 


14 
NaCl + NaOli 
equivalence point 
(NaCl only) 
6754 pH jump 
intercept 
(HCI only) 
HCI + NaCl 
(0) 
V(NaOH) 


A Figure 8 Typical pH curve for the titration of a strong acid (HCI) with a strong base 
(NaOH) 


At the beginning of the titration, the pH of the mixtureincreases very slowly, 

as the solution still contains large excess of acid. For example, if the initial 
concentration of the acid were 0.1 mol dm? and halfiof the acid were neutralized, 
the pH of the mixture would increase from 1.0 toapproximately 1.5. 


As the acid concentration decreases, the pH’curve becomes progressively 
steeper. At the'equivalence point, the pHraises sharply to 7.0, as the acid is 
neutralized’completely, and the reaction mixture contains only NaCl(aq): 


HEl(aq) + NaOH(aq). > NaGi(aq) + H20(1) 


The pH continuestto rise sharply immediately after the equivalence point, as an 
excess of NaOH (aq)makés the solution basic. When the excess of the titrant 
becomes very large, the curve flattens out and gradually approaches the pH of 
the standard NaOH(aq) solution, typically between 12 and 14. 


To construct the complete pH curve, we need to continue the titration beyond 
the equivalence by adding excess titrant. In contrast, a titration experiment with 
an acid-base indicator must be stopped at or near the equivalence point, when 
the indicator changes colour. In both cases, the concentration of the analysed 
acid or base is calculated using the volume of the standard solution at the 
equivalence point, as explained in Reactivity 2.1. The use of acid-base indicators 
in titrations is discussed in the AHL section of this topic. 


Standard solution is a solution 
with a known concentration of the 
solute (Structure 1.4). Analyte is the 
analysed substance or the’Solution 
of this substance with, unknown 
concentration. Titr 
reactant added:to, 


ndlyte ora 


fthat reactant 


Av Figure 7 Acid-base titration with a 
pH meter 


The pH curve shown in figure 8 
represents the titration of 

0.1 moldm™= HCl(aq) with 

0.1 moldm™=? NaOH(aq). Copy the 
axes and curve from figure 9 and 
sketch the second pH curve for the 
titration of 0.01 mol dm™ HNO (aq) 


OH{(aq). 
Explain whether the changes in the 
nature and concentrations of the 
reactants will affect the following 
features of the curve: 


with 0.01 mol dm? 


e y-axis intercept 


e pH at equivalence 
e pH at which the curve flattens 
ou 
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When a strong base is titrated with a strong acid, the pH curve is inverted 

(figure 9). Since the initial solution is basic, the curve intercepts the y-axis at a 
high pH value and declines gradually as the titrant is added. The equivalence is 
achieved at the same pH value (7.0), as the solution at that point contains only a 
neutral salt (in our example, NaCl). At the end of the titration, the curve flattens at 
alow pH, as the solution contains excess strong acid. 


14 


The construction and interpretation 
of pH curves involving weak acids 
and bases will not be assessed 

at SL. The shapes and features of 
these curves are discussed in the 
AHL section of this topic. 


NaOH + NaCl 


intercept 
(NaOH only) 


pH drop 


equivalence point 
(NaCl only) 
NaGlep HCI 


(0) 


V(HCI) 


A Figure9 Typical pH curve for the titration of a strong base 
(NaOH) with a strong acid (HCI) 


The main features of pH curves for titration experiments involving strong acids 
and bases are summarized in table 6. 


is pH 
Analyte Titrant y-axis f : 
a, equivalence | flattening out 
intercept 
strong acid | strong base low | 7.0 high 
strong base | strong acid | high | 7.0 | low 


A Table 6.Summary.of pH curves for titrations involving strong acids and bases 


The progress of an acid-base reaction ean be'monitored Relevant skills 

by measuring the conductivity of the reaction mixture. © Tool: Titration 
This isppossible because the concentration of aqueous 
ionic species changesduring the reaction. For example, 
in the reaction between hydrochloric acid and sodium e Tool 3: Sketch graphs with labelled but unscaled axes 
hydroxide, the conductivity of the solution decreases * Tool 3: Extrapolate graphs 

because water is molecular,and all the other species 
present are fully dissociated into ions: 


e Tool 2: Use sensors 


e Tool 3: Interpret features of graphs 


H*(ag) + Gl-(aq) # Na*(aq) + OH (aq) > Na*(aq) + Safety 
Cl-(aq) + H2O(!) e Wear eye protection. 


e Dilute hydrochloric acid and sodium hydroxide are 


In this practi¢al, you will perform a conductometric ie 
irritants. 


titration. You will analyse and interpret the resulting data in 
graphical form. Then, you will consider how the strength e Dispose ofall substances appropriately. 
of the acid affects the shape of the titration curve. 
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Reactivity 3.1 Proton transfer reactions 


Materials 


0.01 mol dm™ hydrochloric acid, HCl(aq) 
0.1 mol dm~? sodium hydroxide, NaQH(aq) 
250cm’? beaker 

burette, burette clamp and stand 
magnetic stir bar and stir plate 


conductivity probe 


Instructions 


Ale 


conductivity 


You will titrate a known volume of 0.01 mol dm™® 


HCl(aq) with 0.1 mol dm™3 NaOH(aq) and measure 
how the volume of NaOH(aq) added affects the 
conductivity. With reference to the ionic equation 
above, explain why the conductivity should decrease 
as the reaction approaches the equivalence point. 


Predict and explain the shape of the graph of 
conductivity vs volume of NaOH(aq) added that you 
expect to obtain. 


Use the conductivity probe, and any other 
necessary equipment, to prepare and measure the 
conductivity of: 

a. 0O.1moldm ?HCl(aq) 

b. 0.01 moldm3NaOH{(aq) 

c. distilled water 


Using the measurements you obtained in step 3, 
make any necessary changes andirefinements to the 
graph you sketched in step.2. 


Set up the equipment as showmin figure 10: 


0.V’mol dm-3 NaOH 


100 cm3 of 
3 0.01 mol dm-3 HCI 


magnetic stir bar 


probe 


A Figure 10 Experimental apparatus for conductometric 
acid-base titration 


Reeord,the initial conductivity. Add the NaOH(aq) in 
small (71 cm?) increments. Record the exact volume 
of NaOH(aq) added and the conductivity. Continue 
adding NaOH(aq) well past the equivalence point, 
so you can later compare the conductivity changes 
before and after the equivalence point. 


Questions 


iE 


Plot a graph showing conductivity vs. volume of 
aOH{(aq) added. 


Draw two lines of best fit (one for the points, before the 
equivalence point and another for the points after). 
dentify the equivalence point by extrapolating the 

o lines. 


Compare and contrast this graph toyyour initial sketch. 
Explain any differences between the two plots. 


nterpret and explain the shape of the graphynoting 
and explaining the following: 


a. change in conductivity before the equivalence point 


b. conductivity at the equivalence’/point 
c._ change in conductivity after the equivalence point. 


Interpret your, graph to compare and explain the 
conductivity of H*(aq) ions and Na*(aq) ions. 


The total volume of solution inthe beaker was 
keptroughly constant by ensuring that the sodium 
hydroxide concentration was ten times that of 
hydrochloric acid. Suggest why the volume in the 
beaker should be keptconstant in this practical. 


A conductometric titration of 0.1 moldm™ ethanoic acid, 
CH;CO@H(aq), with 0.1 mol dm™ sodium hydroxide, 


NaOH{(aq) added in 2.0 cm? increments was carried out. 
The data recorded are shown in figure 11. 
54 7 $ 
+ 
4 + 
+ 
+ 
34 . 
e* 
+ 
24 .? 
+ 
o 
TA + : 
° 
$ 
04 T T T T T T T 
0 5 10 15 20> 25 30 335 
volume of NaOH added / cm3 


ve 


A Figure 1] Conductivity against volume of sodium 
hydroxide for the titration of 0.1 mol dm? CH3;COOH(aq) 
with 0.1 mol dm™? NaOH(aq). Source of data: Smith, C. 
K., Edionwe, E. and Michel, B., J. Chem. Educ., 2010, 87, 
11, 1217-1221 


Compare and contrast the graph in figure 11 with 
the graph you obtained. Explain any differences you 
observe. 
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Reactivity 3 What are the mechanisms of chemical change? 


The equations for the 
interconversion of pH, pOH, [H*] 
and [OH] are given in the data 
booklet. 


The pOH scale (Reactivity 3.1.9) 


The pOH scale allows us to represent the basicity of aqueous solutions over 

a broad range of OH“(aq) concentrations. The pOH scale is particularly useful 
for solutions of Arrhenius bases, in which the concentration of hydroxide ions is 
related to the solution pOH as follows: 


pOH = —loglOH"] [OH] = 100% 


Basic solutions with high concentrations of OH (aq) ions have low p@H values 
while acidic solutions with low concentrations of OHj(aq) ions have high POH 
values. 


The pOH scale is a logarithmic scale, like the pH scale, Working with logarithms 
requires some practice but greatly simplifies the calculations. The expression 
“POH = 14" is more compact than [OH] = 1,00 x 1074 mol dm" and less 
likely to cause errors when written. Also, logarithms and p-numbers allow us to 
use addition and subtraction instead of multiplicationand division: 


log(a x b) = loga + log b 


logg =loga-—logb 


As a result, formulas with logarithms or p-mumbersiare easier to memorize and 
use in calculations (table 7). 


Without p-numbers With p-numbers 
[HOH] = 1.00 107 pH+pOH=14 
[H+] = 1x104 r ee. 
[OH] 
Fx 107 OH=14— 
S ‘ee p p 
A N 


A.Table/7 Useful expressions involving Kw, [H*], [OH7], pH and pOH 


Worked example 4 

Calculate the pOH values for the following solutions: 
‘a. 0.025 mol dm™ KOH(aq) 

b. 0.025 mol dm~3H,SO,(aq). 


Solution 

a. First, write the equation for the dissociation of potassium hydroxide: 
KOH(aq) > K*(aq) + OH (aq) 
The concentration of KOH is equal to the concentration of hydroxide ions: 
[OH] = [KOH] = 0.025 mol dm? 
Then, use the expression pOH = —log[OH ] to determine pOH: 
pOH = —log0.025 = 1.60 


Reactivity 3.1 Proton transfer reactions 


b. Write the equation for the dissociation of sulfuric acid: Practice questions 
H,SO.(aq) > 2H*(aq) + SO- (aa) 13. Calculate: 
When one mole of sulfuric acid dissociates, it produces two moles of H* a. the poar a i 
ions. Therefore, the concentration of H* ions is double that of sulfuric 5.0x10™ mol dm 
arctic solution of/Ba(OH)s(aq) 


b. the concentration of 
hydroxide ioris in a solution 
You can use the expression K,, = [H*][OH7] to determine [OH]: with pOH = 4.70. 


[H*] = 2 x [H:SO,] = 2 x 0.025 moldm?=0.050moldm= 


[OH] = a = 100 x10" = 2.00% 10"? molam 

Then, use the expression pOH = —log[OH ] to determine pOH: 

pOH = —log(2.00 x 107") ~ 12.70 

The same answer could be obtained using the formula pH + pOH =14: 
pH = -log 0.050 ~ 1.30 


pOH = 14 — 1.30 = 12.70 


Weak acids and bases (Reactivity34.10 and 
Reactivity 3.1.11) 


As with any other equilibria, the dissociation of a weak acid can,be characterized 
by an equilibrium constant. This equilibrium constant is known as the acid 
dissociation constant, K,: 


aji = [HtA] 
HA(aq) = H*(aq) + A~(ad) K TEA] 
Bases can be characterized by the bāsé dissociation constant, K;: 
Blaa) + H,O(!) = BÉ eA OH-(aa) RA eee 


Notice that the concentration of the solvent (water) iS not included in the 
equilibrium constant expressions. 


Stronger.acids and bases dissociate to a greater extent and therefore have larger 
dissociation constants. Therefore, Kgand K, values can be used to compare the 
relative strengths of different acids,and bases. 


Like [H*], [OH] and K,, the vals of K, and K, are often expressed as p-numbers 
(their negative decimal logarithms): 


pK, = —logK, K, = 107 
OK, = —lo@iK, K,= 107°" 


In contrast to K, and K,, larger values of pK, and pK, correspond to weaker acids 
and basesyrespectively (table 8). For example, methanoic acid (pK, = 3.75) is 
stronger than ethanoic acid (pK, = 4.76), while methylamine (pK, = 3.34) isa 
stronger base than ammonia (pK, = 4.75). 


= 
<= 
< 
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Reactivity 3 What are the mechanisms of chemical change? 


4 Acid é| K, pK, Base | K, PK, 
| HF 6.76x10~ 317 | ally ana | 5.37x10+ | 3.27 

| HCOOH 1.78x 104 375 | ||8 | CHsNH, | 457x104 | 3.34 

| CHCOOH | 174x107 476 | || NH; 178x105 475 

| CN 617x100 | 92 CeHsNH, | 741x10 943 


A Table8 Dissociation constants of weak acids and bases at 298K 


The dissociation constants for weak acids and bases.can be determined 
experimentally by measuring the pH of their standard solutions» Conversely, if 
we know the dissociation constant for a weak acid or,base and its concentration 
in the solution, we can calculate the pH of that solution, as shown in the worked. 
examples below. 


Worked example 5 


A 0.0100 mol dm™ solution of propanoic acid, CH3CH2COOH(aq), has a pH of 3.44. Determine the pK, of propanoic 
acid. 


Solution 


First of all, we need to consider all acid-base equilibria in, the solution: 


E = a _ [CHCA CO0-] [h] 
CH3;CH,COOH(aq) = CH;CH,COO (aq) + H*(aq) K, AGH,CHACOOH] CLC ACOH] 
H,O(|) = H*(aq) + OH (aq) K, =H OH] 500x107 


Although H*(aq) ions are formed by the dissociation of both propanoic acid. and water, typical K, values of organic acids 
(table 8) are much higher than Kw. Therefore, we can assume that nearly all H*(aq) ions in the solution are produced by 
the acid. In such case, [CH3CHs€OO 7] = [H*], which follows from the first equilibrium. 


[CH3CH,COO] = [H] = 10°3*#% 3.63 x107 moldim > 


Weak acids dissociate to a very small extent, so most of the propanoic acid in the solution exists as undissociated 
molecules, CH3CH,COOH(aq). Therefore, we camassume that the equilibrium concentration of CH3;CHsCOOH(aq) is 
approximately the same as itsiinitial concentration. In that case: 


[CH3GH,GOOH] ~ 0:0100 mol dm? 


When performing. equilibrium calculationsyalways state any approximations you make and explain why these 
approximations are valid. In many casesyapproximations greatly simplify the calculations, which otherwise would involve 


quadratic equations. The use of quadratic equations will not be required in examination papers, so any reasonable 
approximations will be accepted! 


Substitute the values intothe-expression for Ka: 


jee (3.63 X 10-4)(3.63 x 10~*) 
0.0100 


Then use pK, = —log K, to determine pK,: 


eS <A Ome 


pK, =+l09(1.32 10°) 4.88. 


The approximations made in this example could potentially reduce both the accuracy and precision of our calculations. 


However, the final answer is very close to the actual pK, value of propanoic acid (4.87), so all the approximations 
are valid. 
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Reactivity 3.1 Proton transfer reactions 


Worked example 6 


= 
<= 
< 
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Using the pK, value from the previous example, calculate the pH of a 0.100 mol dm™? solution of propanoic acid. 


Solution 


We determined K, to be 1.32 x 10° in the previous example. We can assume that [CH;CH,COO |] = [Ht], so 
[CH3;CH,COO"][H*] x [H*F, giving the following expression for Kx: 


IaME 
K, =-= 
ERCH COCH] 
The concentration of propanoic acid is given in the question (0.100 mol dm™’). Substitute the values of K, and 
[CH3;CH,COOH] into the above expression to determine [H*]: 


<5 — LHP 
132x10% Too 
Iero 
[H*] =V1.32 x 10° ~ 1.15 x10-moldm= 


Then use pH = —log[H*] to determine pH: 


pH = -log(1.15 x 10%) = 2.94. 


Worked example 7 
A 0.0100 mol dm™ solution of trimethylamine) (CH;)3N(aq), hasta pH of 10.90. Determine the pK, of trimethylamine. 


Solution 

Similar to worked example 5,,we neéd to consider all acid-base equilibria in the solution: 

KCH), NH [OH] 
[CHN] 

H2O(!) = H*(aq) + OW laa) K,,=[H*JOH]=1.00x10™ 


(CHs)sN(aq) + H2O(1) = (CH3)sNH4(aq) + OH (aq) K, = 


Amines are stronger, bases than water, so we can assume that all OH (aq) ions in the solution are formed by the ionization 
of the amine. InsUch case, [(CH3)3NHI*]& [OHE]. Since amines are weak bases, [(CH3)3N] & 0.0100 mol dm™. 


Use pOH = 14 =)pH to work out the value of0OH, and then use [OH] = 1079" to determine the concentration of 
hydroxide ions: 


pOR®&14 — pH = 14- 10)20 3.10 


[OPP] = 10720 =7,94 x10% mol dm? 


Then substitute the values in the expression for Ky: 

_ (798 x © FV94 x 104) 
0.0100 

pks —log(6.31 x 10°) x 4.20 


K, z 6.31x10 


Our answer matches the actual pK, of trimethylamine. 


Reactivity 3 What are the mechanisms of chemical change? 


Worked example 8 


Using the pK, value from the previous example, calculate the pH of a 
0.100 mol dm™ solution of trimethylamine. 


Solution 


K, was determined to be 6.31 x 10° in the previous examplesWe can assume 
that [(CH3);NH*] æ [OH], so [(CH3)sNH*][OH ] x [OHF giving the following 
expression for Ky: 


[CHi 
K, == 
” — [(CHs)3N] 
Substitute the values into the K, expression: 
= ORE 
aioe 
GL SS< Ore 0100 


Onis eal TOs 
[OH] = V6.31 x 10€ x 251%10 "mol dm= 


Then determine the pObh, and finally the pH: 
pOH = —log(2.51 X10°°) ~ 2.60 
pH=14=2.60=1).40 


: : A conjugate acid=base paimcan be characterized by a single ionization constant, 
Practice questions as thepK, ofthe acid and pK, of the base are related to each other. For example, 
14. Calculate the pH values for the the acid=base equilibria involving)the acid HA and its conjugate base A~ can be 

following solutions: represented as follows: 
a. 0.0200moldm=3 HAlaq) = Hifag) + Alao) gol a ] 
hydrogen cyanide, E 
HCN(aq) Aaa) + H:0) = MAlo) + OH-(aq) K, = HAINT 
[A] 
b. 5.00x 10 mol dm” When these two equations are added together, HA(aq) and A (aq) cancel out, 
phenylamine, givingthe equation for the ionic product of water: 
CeHsNH,(aq) 
H,O(!) = H*(aq) + OH (aq) K, =[H*JOH] 


Refer to table 8. 


According to table 1 from Reactivity 2.3, when two chemical equations are 
added together, the equilibrium constant of the resulting equation is equal to 
the product of the equilibrium constants of the individual equations. As a result, 
K, =K, X K,and pK, = pK, + pK. 


At 298K, pK, = 14, so: 
pK, =14—pKy 
pK, =14—pK, 


Note that these equations are valid only for conjugate acid-base pairs, as the pK, 
and pK, values of non-conjugated acids and bases are not related to one another 
in any way. 


The equation Ky = K, X K, can be rearranged as follows: 


K,= Kv 
K, 
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Reactivity 3.1 Proton transfer reactions 


This equation shows the inverse relationship between the strengths of 
conjugates: the stronger the acid, the weaker its conjugate base, and the 
stronger the base, the weaker its conjugate acid. 


Practice questions 


= 
I 
< 


15. The pK, and pK, expressions 
for the hydrogencarbonate ion, 
HCO; (aq), are 10.32 and,7.64, 


Acid-base equilibria in solutions of salts 
(Reactivity 3.1.12) 


As you already know, any salt can be considered as a product of a neutralization 
reaction between an acid and a base. The ions produced by the salt in an 
aqueous solution can react with water and form conjugate acids and/or bases, 
therefore affecting the solution's pH. The reactions between salts and water 


respectively. 


a. Formulatethe equations 


that represent the 
acid—baseequilibria 
characterized by 

K, and K, of the 


are called hydrolysis reactions. The direction and extent of hydrolysis reactions 
depend on the strengths of the acid and base that form the salt. The four possible 
combinations of parent acids and bases are strong acid-strong base, strong 
acid-weak base, weak acid-strong base and weak acid-weak base. 


hydrogenearbonateion. 


b./ Calculate the pKgvalue for 
carboni¢ acid, H2CO3(aq), 
and the pK, value for the 
carbonate ion, CO;? (aq), 


Salts of strong acids and strong bases at 298K. 


Both the cation and the anion in salts of this type have strong conjugates\(base 
and acid, respectively), so they do not undergo hydrolysis. For example, sodium 
chloride dissociates in aqueous solutions as follows: 


NaCl(aq) > Na*(aq) + Cl-(aq) 


The hypothetical reaction of Na*(aq) with water would produce the strong:base 
NaOH(aq), which cannot exist in aqueous solutions in undissociated form: 


Na*(aq) + H,O(!) — no reaction 


Similarly, the reaction of Cl-(aq), with Water Would produce the strong.acid 
HCl(aq), which also does not’exist in aqueous solutions in,zmolecular form: 


Ch(aq) + H.O(!) > no reaction 
Therefore, neither ion is involved in acid-base equilibria. 


The only equilibrium in solutions of salts formed by strong acids and strong bases 
is the dissociation of water: 


H20) +H*(aq) + OH (aq) 


The H*(aqhand OH (aq) ions aréyproduced in equal amounts, so [H+] = [OH], 
and the solution remains neutral (pH’= 7). In other words, the presence ofa salt 
formed by a strong acid and a strong base has no effect on the solution's pH. 


Salts of strong acids and weak bases 


In salts of this type, the hydrolysis involves cations only, as the formation of weak 
conjugates isa. favourable process. For example, ammonium chloride in aqueous 
solutions jroduces the following ions: 


NHaCl(aq) > NH.*(aq) + Cl(aq) 


The conjugate of the Cl (aq) ion is a strong acid, HCl(aq), so the chloride anion 
does not undergo hydrolysis. In contrast, the conjugate of the NH,*(aq) ion is a 
weak base, NH;(aq), so the ammonium cation itself behaves as a weak acid: 


NH,*(aq) = NH3(aq) + H*(aq) 
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Reactivity 3 What are the mechanisms of chemical change? 


Practice question 


16. Using table 8, calculate'the pK, 
value for the ethanoate anion, 
CH3COO “(aq), and.show 
that this ion is aweak base. 
Compare therstrengthof this 
base with other basic species 
listed in table.8. 
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According to table 8, pK,\(NH3) = 4.75, so pK,(NH4*) = 14 — 4.75 = 9.25. 
Therefore, the acidity of NH,*(aq) is comparable to that of hydrogen cyanide, 
HCN(aq), which is a very weak acid with a pK, of 9.21. 


The last equation can be expanded to include a molecule of water and show the 
true nature of the hydrolysis process: 


NH,*(aq) + H20(1) = NH;(aq) + H30*(aq) 


As mentioned earlier, the H* symbol is used as a shorthandyequivalent of H3O*, 
so the hydrolysis of the ammonium ion can be represented by either of the 

two equations. In IB assessments, the use of H* or H3;O* ionàwill be equally 
accepted. 


The excess H*(aq) or H3O*(aq) ions means that [H*] > [OH7], so the solution 


becomes acidic (pH < 7). 


Salts of weak acids and strong bases 


In salts of this type, the hydrolysis involves anions only. For example, sodium 
ethanoate in aqueous solutions produces the following ions: 


CH3COONa(aq) + CH13COO (aq) + Nax{(aq) 


The conjugate of the-CH3COO “(aq) ion is a Weak acid, CH;COOH(aq), which is 
formed in the reversible'reaction of the ethanoate ion with water: 


CH3€OO (aq) + H2O(I), = GH3sCOOH(aq).+ OH (aq) 


This reaction produces excess OH (ag) ions, so [H+] < [OH], and the solution 
becomes basic (pH > 7). 


Anions of polyprotic weak acids accept a single proton to form their conjugates, 
for example: 


COs2-(aq)+-HO(|) = HCO;(aq) + OH (aq) 
HCO; (aq) + H2O(|) = H2CO:(aq) + OH (aq) 


Notice that’each equation involves only one molecule of water and produces a 
single hydroxide anion. 


Salts of weak acids and weak bases 


In these salts, both the cation and the anion undergo hydrolysis. For example, 
ammonium ethanoate produces the following ions: 


CH3COONH«(laq) > CH3COO (aq) + NH.*(aq) 


Both ions have weak conjugates, so they react reversibly with water: 


CH3COO-(ag) + H:O(1) = CH;COOH(aq) + OH-(aq) 


NH,*(aq) + H20(1) = NH;(aq) + H30*(aq) 


or 


NH,*(aq) = NH;(aq) + H*(aq) 


Reactivity 3.1 Proton transfer reactions 


These reactions produce both H*(aq) and OH (aq) ions, so the acidity (or 
basicity) of the solution depends on the relative strengths of the parent acid and 
base. If the conjugate acid for the salt anion is slightly stronger than the conjugate 
base for the salt cation, the solution will be slightly acidic (pH < 7); otherwise, it 
will be slightly basic (pH > 7). 


In the case of ammonium ethanoate, the pK, of the parent acid (4.76) and the 
pK, of the parent base (4.75) are almost identical, so the solution pH will be 7.0. 
For many salts, the relative strengths of their parent acid and base are similar to 
each other, so [H+] ~ [OH] and pH & 7. 


Hydrolysis of salts: summary 


The pH of a salt solution depends on the relative strengths of the parent acid and 
base, as shown in table 9. 


lons 


Parent acid | Parent base Hydrolysis | produced | Solution pH 
strong strong none [H+] = [OH] 7 
strong weak cation only [H+] > [OH7] a -Y 
weak strong anion only [H+] < [OHA] >7 
weak weak cation and anion | [H+] #[OHPF] SI 


A Table9 Hydrolysis of salts and solution pH 


This table can be summarized by the following informal rules: 
e “hydrolysis is for the weak” 
e “the stronger wins”. 


These rules emphasize the fact that the pH ofa salt solution’depends on the 
relative strengths of theyparent acid and’base: if the acid,is stronger, the solution 
will be acidic, and if the base is stronger, the solutiomwill be-basic. 


Practice queStions’ A aw 


17. Formulatethe equations for acid-base equilibria in aqueous solutions of 
the following salts: 
a. potassium cyanide, KCN 
b. potassiumsSulfate, K2SO, 
| c, methylammonium methanoate, HCOONH;CH; 
d. methylammonium bromide, CH3NH3Br. 


f For each solution, predict whether it will be neutral, acidic or basic. 


pFicurves of strong and weak acids and 
bases(Reactivity 3.1.13) 


The shape of the pH curve in an acid-base titration depends on the strengths 
of the acid and the base. There are four distinct shapes that correspond to the 
following types of acid-base pair: strong acid-strong base, strong acid-weak 
base, weak acid-strong base and weak acid-weak base. 


= 
<= 
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@ Thinking skills 


Certain chemistry topics „such as 
acids and bases, involve several 
different types of calculations. This 
task will help you to organize the 
calculations covered inthis chapter, 
so you can better understand how 
they are interconnected. First, 
make a list of the various types of 
ealculations covered in this chapter. 
Two examples are shown below: 

** Converting between 

pH and [H*]: 


[t= 1052! 


———, 


pH [H+] 


> 


pH =-logigfH#] 


* Converting between 
K, and [H*]: 


[H+] = v K,[HA] 


Ka [H*] 
2 [H+ 
= THA 


As shown in the worked examples, 
you will often need to apply several 
different calculations when solving 
a single problem involving acids 
and bases. Create a scheme 

that shows and interconnects 

all the calculations you have 

listed. Refer to this scheme when 
answering practice questions. You 
will eventually memorize these 
quantitative relationships and no 
longer need this scaffold. 


Reactivity 3 What are the mechanisms of chemical change? 


Buffer solutions will be discussed 
later in this topic. 
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PH curves involving strong acids and strong bases 


The pH curves for titration experiments involving strong acids and bases are 
shown in figures 8 and 9 in the SL section of this topic. At typical concentrations 
of the analyte and titrant (approximately 0.1 mol dm™ each), these pH curves have 
the following features: 


y-axis intercept at pH ~ 1 (when the analyte is an acid) or pH ~ 13\(when the 
analyte is a base) 


gradual rise or fall in pH at the beginning of the titration 


sharp rise or drop in pH near the equivalence point 
equivalence at pH = 7 (no hydrolysis of the salt) 


flattening out at the end of the titration to pH & 13 (when the titrant is abase) 
or pH & 1 (when the titrant is anacid). 


pH curves involving weak acids and strong bases 

Atypical pH curve for the titration of a Weak acid with a strong,base is shown in 
figure 12. Although the overall shape of this curve is somewhat similar to that in 
figure 8, there are several important differences: 


The curve intercepts the y-axis at a higher,pH. This is because the weak acid 
dissociates only partially and therefore produces a lower concentration of 
Ha(aq)ions. 


There isa buffer region before the equivalence point. This is when the 
solution contains both components of a weak conjugate acid-base pair. 


The jump in pH near the equivalence point is smaller than that in figure 8. 


The equivalences achieved at a pH greater than 7, as the salt anion 
undergoes hydrolysis and produces OH (aq) ions. 


14 
12 X] 
: CH3COONa + NaOH 
toZ equivalence point 
(CH3COONa only) 
pH jump 
8- 
buffer region 
G 
44 
CH3COOH + CH3COONa 
27 7 
intercept 
ö (CH3COOH only) 
T T 
(0) 5 10 15 20 
V(NaOH), cm3 


A Figure 12 pH curve for the titration of 0.1 moldm 3 CH3COOH(aq) (weak acid) with 
0.1 mol dm™? NaOH{(aq) (strong base) 


Reactivity 3.1 Proton transfer reactions 


The final part of the curve in figure 12 is very similar to that in figure 8, as in both 
cases the solution contains excess strong base, NaOH(aq). Therefore, both 
curves flatten out at pH x 13. 


The stage of the titration at which exactly one-half of the acid has been 
neutralized is known as the half-equivalence point. The pH at half-equivalence 
is equal to the pK, of the weak acid. In our example, the weak ethanoic acid 
dissociates as follows: 


CHsCOOH(aq) = CH;COO“(aq) + H*(aq) 
g = [CHCOOH] 
4 [CH;COOH] 
At halfequivalence, [CH;COO7] = [CH;COOH], so K, =[H*] and pK, = pH. 


Figure 12 shows that the equivalence is achieved at V(NaOH) = 10cm?, so the 
halftequivalence occurs at VNaOH) = 5cm?. At this point, the solution pH is 


approximately 4.8, which is very close to the pK, of ethanoic acid (4.76, table 8). 


The pH curve for the titration of a strong base with a weak acid would be almost 
a mirror image of figure 12, except that the buffer region would be much.longer 


and occur in the second half of the curve. Titrations of this type are uncommon, as 


the use of a weak acid as a titrant has no practical value. 


pH curves involving strong acids and weak/bases 


Atypical pH curve for the titration of a weak base with a strong acid is shown 
in figure 13. The overall shape of this curve is similar to‘that in figure 9, with the 
following differences: 


e The curve intercepts the y-axis at a lower pH This is because the weak 
base dissociates only partially and,thus produces a lower concentration 
of OH (aq) ions. 


e There is a buffer region before the equivalence point. 


e The drop in pH near the equivalence point is smaller than that in figure 9. 


e The equivalence is achieved at pH < 7/asthe salt’cation undergoes 
hydrolysis and produces H*(aq) ions. 


intercept 


A] NH3 only) . ` 
NH3 ANH4GI 

104 _ Nissi Ni 

8 

‘2 

Ela 

Pa O ; 
equivalence point 

> (NH4CI only) 

O T 

(0) 5 10 15 20 


<4 Figure 13 pH curve for the titration 
of 0.1 mol dm™°? NH:(aq) (weak base) 
with 0.1 mol dm? HCl(aq) (strong acid) 
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> Figure 14 pH curve for the titration of 
0.1 mol dm? CH3COOH(aq) (weak acid) 
with 0.1 mol dm™? NH;(aq) (weak base) 


The final part of the curve in figure 13 is very similar to that in figure 9, as in both 
cases the solution contains excess strong acid, HCl(aq). Therefore, both curves 
flatten out at pH x 1. 


The half-equivalence point of this titration experiment can be used to determine 
the pK, of the weak base. The acid-base equilibrium in the solution of ammonia 
can be represented as follows: 


NH;(aq) + H2O(|) = NH.*(aq) + OH (aq) 


[NHOH] 
[NHs] 
At half-equivalence, [NH.*]=[NHs3], so K, =[QH™]and pK, = pOH. 


K, = 


Figure 13 shows that the half-equivalence is achieved atV(HCI) = 5 cm, At this 
point, the solution pH is approximately 9.2, so pOH = 14 — 9.2 =4.8. The last 
value is very close to the pK, of ammonia (425, table 8). 


The pH curve for the titration of a strongacid with a weak bas@would be almost 
a mirror image of figure 13, except that the buffer region would be much longer 
and occur in the second halfof the curve. Like the titration of astrong base witha 
weak acid, titrations of this type are uncommon, 


PH curves involving,weak acids‘and weak bases 


Atypical pH curve for thettitration of a weak acid with a weak base is shown in 
figure 14. This curve has the following features: 


e  y-axisintercept at DH & 3, as the weak acid dissociates only partially and 
thereforeproducesa relatively lowconcentration of H*(aq) ions 


* “a buffer region beforethe equivalence point 
eì nosharp change in pH near the equivalence point 


* the equivalence is achieved at pH ~ 7, as both the cation and anion of the 
salt undergo hydrolysis 


e very gradual flattening out above pH 9 because of the second buffer 
region after the equivalence point. 


12- NH3 + CH3COONH4 
buffer region 2 
10-+-— s = 
intercept 
4 (CH3COOH only) 
6 


equivalence point 


A (CH3COONH, only) 
2 buffer region 1 
CH3COOH + CH3COONH, 
0 T T T 
(0 5 10 15 20 


Reactivity 3.1 Proton transfer reactions 


The two buffer regions of the pH curve in figure 14 are formed by different 


— 
conjugates. Before the equivalence point, the weak acid and its anion form a buffer. 7 
After the equivalence point, the weak base and its cation form another buffer. 

e Sketch the pH curve for 
The half-equivalence point is achieved at V(NH;3) = 5 cm?. At this point, the the titration of 0.1 moldm™=? 
solution pH is equal to the pK, of the weak ethanoic acid (4.76, table 8). At NH,(aq) with O.1Lmoldm= 
V(NH3) = 20cm, the solution contains equal concentrations of NH3(aq) and CH3COOH(aq). 
NH,*(aq), so POH = pK,(NH;) = 4.75 and pH = 14 - 4.75 = 9.25. e Identify andiabel the following 
features of the curve: 

The pH curve for the titration of a weak base with a weak acid would be almost a intercept withthe pH axis, 


mirror image of figure 14. Titrations involving both a weak acid and a weak base 


; ; ; e e : equivalence point, buffer 
have little practical value, as the equivalence point is difficult to determine. 


regions and the points where 
. ne eee a pH = pK,(CH;COOH)and 
Acid-base indicators (Reactivity 3.1.14) pOf = pK,(NH5). 


+ — —— - 


Acid-base indicators are weak acids or bases that differ in colour from their 
conjugates. If the indicator (HInd) is a weak acid, its dissociation scheme can be 
represented as follows: 


HInd(aq) = H*(aq) + Ind=(aq) 


conjugate conjugate 
acid base 
When the pH is much lower than pK,, the indicator exists predominantly in its ) ni 
protonated form, Hind(aq). At pH >> pK,, the indi€ator loses a proton and The‘absorption spectra of chemical 
forms the conjugate base Ind“(aq). If HInd(aq) ahd Ind“(aq) absorbwisible light at ompounds are discussed in 
different wavelengths, their solutions have differenticolours (figure 15). Structure 1.3. 


For each indicator, the colour chańge occurs within a certain pH range, typically 
from pK, — 1 to pK, + 1, whichis knownas the transition range of the indicator. 
However, some indicators have slightly narrower or broadertransition ranges 
(table 10). 


pH transition 
range 


3.1-4.4 


Indicator pKa 


methyl orange 3 


bromothymol blue 7.0 6.0-7.6 
phenolphthalein 9.6 8.3510.0 colourless 
A Table 10 ‘Common acid-base indicators A Figure 15 Methyl orange indicator is 


red in acidic solutions and yellow in neutral 
The universal indicator is a mixture of several acid-base indicators with and alkaline solutions 
overlapping transition ranges. As a result, the universal indicator has no specific 
transition range, and its colour changes gradually over the whole pH range from 
OtoJ4,as shownin table 1. 
The colours and transition ranges 
of common acid-base indicators 
are given in section 18 of the data 
booklet. 


Acid=base indicators are often used in titration experiments, as they allow 
chemists toymonitor the reaction progress by observing the solution colour 
and stop the titration when the colour changes. This moment, known as the 
end point of the titration, depends on the pK, of the indicator. The pK, of the 
indicator approximately corresponds to the pH at the end point. 
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Identifying appropriate indicators 
(Reactivity 3.1.15) 


A suitable indicator for a titration should have a transition range that includes the 
pH at the equivalence point ina pH curve. When a titration involves a strongyacid 
and a strong base, the equivalence is achieved at pH = 7, so the best indicator 


for this type of titra 
range 6.0-7.6 (tab 


ion is bromothymol blue, which changes colour withinthe pH 
e 10). However, all three common indicators would"produce 


satisfactory results due to the large pH jump at the equivalence point in strong 


acid-strong base ti 


14 


trations (figure 16). 


phenolphthalein 


bromethymol blue 


methyl orage” 


V(NaQH) 
A. Figure 16 Titration of aistrong acid with a strong base using 
indicators 


various 


The amount of indicator added to\the analysed solution can affect the titration 
result, Each indicator is aweak Bransted-Lowry acid or base, so when the 
indicator changes colour, it reacts with the titrant. The more indicator you add, 
the greater systematic error you introduce. On the other hand, adding too little 
indicator to the solution makes it difficult to see the solution colour. Therefore, 
you should’always try to use just enough indicator to make the colour change 


cléarly visible. 


In*titrations involving a weak acid and a strong base, the equivalence is achieved 


atpH > 7, so the b! 


est indicator for this type of titration is phenolphtha 


ein, which 


also changes colour at pH > 7 (figure 17). Bromothymol blue could also be used. 
Methyl orange cannot be used, as it would produce a very large syste 


matic error. 


14 


phenolphthalein 


bromothymol blue 


methyl orange 


V(NaOH) 


A Figure 17 Titration of a weak acid with a strong base using 


various 


indicators 


Reactivity 3.1 Proton transfer reactions 


In titrations involving a strong acid and a weak base, the equivalence is achieved 
at pH < 7, so the best indicator for this type of titration is methyl orange with a 
transition range closest to the equivalence point (figure 18). Bromothymo! blue 
could also be used, whereas phenolphthalein is not suitable for this type of 
titration. 


14 


phenolphthalein 


H 
N 
| 


bromothymol blue 


methyl orange 


V(HCI) 


A Figure 18 Titration of a weak base with a strong acid using 
various indicators 


Section 18 of the data booklet lists many other acid-base indicators, including 


methyl red with the transition range 4.4-6.2. This rangayincludes the equivalence 


point (pH & 5.5), so methyl red is a better choice than,methyl orange. 


Worked example 9 


An acid-base titration produces sodium methanoate, HCOONa); atthe 
equivalence point. Identify an,appropriate indicator for.this titration. 


Solution 


First, you need to identify the parent acid and base for sodium methanoate. 
You can do this by splitting the salt into the\cation,and anion: 


HCOONa> HGOO: + Na* 

Then)you formally add OH to the cation, and H* to the anion: 
Nat BOH- > NaOH 
HEOO- + H* + HCOOH 


Therefore, the titration involves a strong base, NaOH, and a weak acid, 
HCOOH, sothe pH at the equivalence point will be greater than 7. The most 
suitable indicator for this type of titration is phenolphthalein (figure 18). You 
can also use ahyvother indicator with pK, > 7, such as phenol red (see section 
18 of the data booklet). 


Titrations involving a weak acid and a weak base cannot be performed using 
acid-base indicators. In such titrations, the change in pH is very gradual during 
the whole experiment (figure 14), so the colour of the solution will also change 
gradually, and the end point will be impossible to determine. The equivalence 
point in titrations of this type can only be determined using a pH meter. 


Practice questions 


18. 


Using table 10, identify the 
most suitable acid-base 
indicator for the titration of: 


a. dimethylamine, 
(CH3)2NH{(aq), with sulfuric 
acid, H.SO.(aq) 


b. barium hydroxide, 
Ba(OH).(aq), with 
hydrochloric acid, HCl(aq) 


c. methanoic acid, 
HCOOH{(aq), with sodium 
hydroxide, NaOH(aq). 


. Identify an appropriate 


indicator for an acid-base 
titration that produces 
ammonium bromide, 
NH.Br(aq), at the equivalence 
point. Refer to table 10 and 
section 18 of the data booklet. 
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Buffer solutions (Reactivity 3.1.16) 


In many chemical and biological experiments, it is important to maintain a 
constant pH of the reaction mixture. This can be achieved using buffer solutions. 
These solutions resist changes in pH when small amounts of acids or bages are 
added to the solution. 


Each buffer solution contains both components of a conjugateacid-base pair, 
in which both the acid and the base are weak. When a strong acid is added to a 
buffer, it is neutralized by the weak base. Similarly, when.a strongbase is added, 
it is neutralized by the weak acid. As a result, the solution ph remains almost 
unchanged. 


Acid-base buffers are extremely efficient in maintainingtheir pH. For example, if 
we adda single drop (about 0.05 cm?) of 01 mol dm™? HCl(aq) to. 100 cm of pure 
water, the pH of the resulting solution will’drop, by 2.7, from 7.0.to approximately 
4.3. However, if we add the same quantity of HCI(aq) todO@0.cm* of a typical 
phosphate buffer (pH ~ 7.0) usedhin biological. experiments, the pH of the 
solution will decrease by less than 0.001. This is below.the detection limit of most 
laboratory pH meters. 


Buffer solutions are very important components ofall living organisms. 

For example, the pH offhuman blood is kept within a very narrow range of 
7.35-7.45 unitsiby several buffer systems that involve hydrogencarbonate and 
hydrogenphosphate ions, carbon dioxide and proteins. 


Asimple buffer solution cambe prepared fromthe weak ethanoic acid and its 
salt,sodium ethanoate. When these.two compounds are dissolved in water, the 
following,processes take place: 


CH3COOH(aq) = CH;COO (aq) + H*(aq) 


CH3COONa(aq) => CH3COO-(aq) + Nat (aq) 


When a strongjacid, such as HCl(aq), is added to this solution, it is neutralized by 
the weak conjugate base of the buffer system: 


H*(aq) + CH;COO aq) > CH;COOH(aq) 


strong weak weak 


acid conjugatebase conjugate acid 


Similarly, when a strong base, such as NaOH(aq), is added to this solution, it is 
neutralized by the weak conjugate acid of the buffer system: 


OH “(aq) + CH3;COOH(aq) > CH3COO (aq) + H2O(1) 


strong weak weak 


base conjugateacid conjugate base 


The neutralization reactions of a strong acid and a strong base by different 
components of the buffer system are known as the buffer action. The nature 
of the buffer action is always the same, regardless of the buffer components. In 
all cases, a strong acid reacts with the buffer’s conjugate base and releases the 
buffer’s conjugate acid, while a strong base reacts with the buffer’s conjugate 
acid and releases the buffer’s conjugate base. 


Reactivity 3.1 Proton transfer reactions 


In other words, a strong acid is replaced with a weak acid, and a strong base is 
replaced with a weak base. Since weak acids and bases dissociate only to a small 
extent, they have very little effect on the solution pH. 


—_ 
<= 
= 


575 


An acid-base buffer can work efficiently only if both components of its conjugate 
pair are weak and present in the solution in sufficient concentrations. This can 
usually be achieved when the conjugate acid and the conjugate base originate 
from different compounds. A solution ofa single compound, such as a weak 
acid, a weak base or a salt, may contain a high concentration of only one 
conjugate, but not both at the same time. 


Buffer solutions are often classified according to the acid (or base) and the salt 
used for their preparation. For example, the ethanoate buffer contains the weak 
acid CH;COOH(aq) and its anion CH;COO (aq), and the ammonia buffer 
contains the weak base NH;(aq) and its cation NH,*(aq). If specific salts, such 
as CH3;COONa(s) or NH4C\(s), were used for preparing the solutions, the same 
buffers are sometimes called “a weak acid and its salt” and “a weak base and its 


salt”, respectively. Common types of acid-base buffers are listed in table 11. 
Example Conjugate acid | Conjugate base | 
Bice ace ethanoate buffer | | CH;COOH(aq) CH;CO@-(aa) 4.76 
as ad ammonia buffer NH,*(aq) NH,(aq) 9.25 
mne | moss A Raya (J | 720 
morama | RA P oA J) orno | oa 
A Table 1] Common acid-base buffers 
na laboratory, buffer solutions can be prepared by.various methods. For 


example, the ethanoate buffer can be made as follows: Practice question 


20. Explain, using ionic equations, 

the buffer action of a solution 
2. solutions,.ofsodiumyethanoate and ethanoic acid are mixed together containing ammonium cations, 
NH,*(aq), and ammonia, 
NH;{aq). 


1]. solid sodium ethanoateand liquid ethanoic acid’are dissolved in water 


3. excess ethanoic acid is mixed with sodium hydroxide 


4. excesssodium ethanoate solutiomis mixed with hydrochloric acid. 


Regardless’of the method, the resulting buffer will contain the same two 
components, the weak acid, CH;COOH(aq) and its conjugate base CH;COO “(aq). 
In method 3, the conjugate base will form as follows: 


CH3;COOH{(aq) + Na@H(aq) > CH;COONa(aq) + H2O(1) molecular equation 
CHgCO@H(aq) + OH“(aq) > CH3;COO~(aq) + H,O(!) net ionic equation 


In method 4,the conjugate acid will form as follows: 


CH3COONa(aq) + HCl(aq) = CH3COOH(aq) + NaCl(aq) molecular equation 


CH3COO (aq) + H*(aq) = CH3COOH(aq) net ionic equation 


Reactivity 3 What are the mechanisms of chemical change? 


Suggest three methods for the 
preparation of the ammonia buffer. 


Practice questions . ~ 


21. Calculate the pH for the buffer 
solutions containing the 
following compounds: 


a. 0.50moldm= 
NaH;PO,(aq) and 
0.20moldm? 
NaskiPO, (aq) 


be -0.25mol dm? NHs(aq) 
and 0.50moldm™ 
NH,Cl(aq). 


The pK, values for conjugate acids 
are given,in table 10. 
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If the buffer solutions prepared by different methods contain the same 
concentrations of both the conjugate acid and the conjugate base, the properties 
of these buffers will also be the same. 


pH of buffer solutions (Reactivity 3.1.17) 


The pH ofa buffer solution depends on the ratio of the componentsinithe 
conjugate acid-base pair and the dissociation constant of the weak conjugate. 
The acid-base equilibrium in a buffer solution containing a.weak acidyHA(aq) and 
its conjugate base A (aq) is characterized by the K, of thé weak acid: 
ENIS 

HAlaa) = H+t(aa) +A aa) K= Hi 
To find the concentration of H*(aq) ions, we need to rearrange the K, expression 
as follows: 


H*]=K,x [HA] 
INT Kx Ta] 
We can then take the logarithm of every factor to determine the pH: 
log(H'] = log K, + log HÂ] 
g[H*] = log JIA 
Add a minus sign to everyterm ithe equation: 
A] 
logl[H*] = —logK, — lo [ 
gl g GTS 
Finally, subsitute in pH = —log[H+] and pK, = —log K,, and use the 


Blog Blog: 
rule that loos, log“: 


~ [a] 

pH= pK, + OSHA] 

The lastequation, known as the Henderson-Hasselbalch equation, can be used 
tocalculate the pHhof any buffer solution of known composition. Alternatively, it 
can be used tolfind the,ratio of the concentrations of the conjugate acid and base 


in the buffer.solution at a known pH. 


An important consequence from the Henderson—Hasselbalch equation is that 
thephhof a buffer solution is not affected by dilution. If the solution is diluted by 
acertain factor, both [A7] and [HA] decrease by the same factor. Therefore, the 
valueof log E remains unchanged, and so does the solution pH. However, a 


buffer solution cannot be diluted infinitely without changing its pH. An infinitely 
diluted aqueous solution of any substance at 298 K will have a pH of 7.00. 


The ability of a buffer to resist changes in pH on addition of acids and bases is 
also limited because the amounts of the weak conjugate acid and base in the 
solution are finite. At the point when either of the weak conjugates is used up, 
the buffer ceases to function, and the solution pH changes significantly on further 
addition of an acid or base. 


Reactivity 3.1 Proton transfer reactions 


Worked example 10 


Calculate the pH of an ethanoate buffer containing 0.100 mol dm~? CH;COOH(aq) and 0.200 mol dm? 
CH3COONa(aq). 


Solution 


The conjugate acid is CH;COOH(aq) and the conjugate base is CHyCOO (aq), which is produced bysthe dissociation of 
sodium ethanoate: 


CH;COONa(aq) > CH3;COO (aq) + Nat*(aq) 
All salts are strong electrolytes, so sodium ethanoate dissociates completely, and [CH;GOQ7]= 0.200 moldm>?. 


According to table 8, pK,(CH3COOH) = 4.76, so: 


0.200 
2476 Hoge = 506 
¥ + 99-5700 


Worked example 11 


A buffer solution with a pH of 11.00 was prepared by the reactioniof methylamine, CH3NH>2(aq)ywith hydrochloric 
acid, HCl(aq). 


a. Identify the conjugate acid-base pair in this buffer and state the role of each species. 
b. State, with a reason, which of the two reactants was in.excess. 


c. Calculate the mole ratio of the conjugate acid to.the conjugate base inthe solution. 


Solution 

a. The reaction between hydrochloric acid and’methylamine proceeds as follows: 
CH3NH),(aq) + HCl(aq) > CH3NA3Cl{aq) molecularequation 
CH;NH,(aq) + H*(aq) > Ohh NH: (aq) net ionic equation 


The net ionic equation involves two species that differ by a single proton. Therefore, the conjugate acid is 
methylammoniumyCH3NH;*(aq), and the Conjugate base is methylamine, CH3;NH,(aq). 


ote that the Solution contains two more eonjugate acid-base pairs, H3O*(aq)/H2O(I) and H2O(!)/OH “(aq). 
However, none of these pairs canform abuffer, as H3O*(aq) is a strong acid, while OH (aq) is a strong base. 


b. A’buffer must.contain both components.of the conjugate acid-base pair. If hydrochloric acid were in excess, all 
methylamine (weak conjugate base) would be consumed, and the solution could not act as an acid-base buffer. 
Therefore, methylaminewas in excess. 


Cm According to table 8, 6K,(CH3NH;) = 3.34, so pK,(CH3NH3*) = 14 — 3.34 = 10.66. Substituting pK, and pH into 
2 A 
pH = pK, + OA] gives: 


2 [CH:NH-] 
11.00 =J8 066 VNA] 
ICH:NH] . 
[C 3N 3°] 
=0.34 


Rearrange in terms of log 
CHRNH)] 
K ICARNH, 
*IHNH2"] 
Simplify the expression by making each term the exponential of 10: 
[CH3NH, 
[CH;NH;*] 
Therefore, [CH3NH3*] : [CH3;NH2]=1:2.19. Note that n = c x V, so the mole ratio is equal to the ratio of concentrations. 


S16 S219 
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Reactivity 3 What are the mechanisms of chemical change? 


End of topic questions 


Topic review 


1. Using your knowledge from the Reactivity 3.1 topic, 
answer the guiding question as fully as possible: 
What happens when protons are transferred? 


Exam-style questions 
Multiple-choice questions 
2. A solution of acid X has a pH of 1 while a solution of 
acid Y has a pH of 3. Which statement is correct? 
A [X]>[Y] 
B Acid X is stronger than acid Y 


C +t] in the solution of X is three times higher than 
tlin the solution of Y 


D [OH]]in the solution of X is lower than [OH] in the 
solution of Y 


3. Which pair of species is a conjugate acid-base pair? 


A H*andOH 

B 30% and H,O 

C Cl and NaOH 

B 9CO3 and CO;7 


4. Which indicators can be used forthe titration of 


ammonia, NH;(aq), with sulfuric acidyH2SO.(aq)? 
| Bromocresol green (pK, = 4.7) 

ll Methyl red (pK, £5.1) 

Ill Phenol red (ÔK, = 7-9) 


A land llLonly 
Bland IIhonly 
C jfand.Jll only 
D (I, llandill 


Extended-response questions 


5, 


ZL 


Identify the chemical formulas of parent acids and.bases 
for the following salts: 


a. Ca(NOs;)2 
b. Fe(SO,)3 
c. NH,HCO; 


For each salt from question 5, formulate and,balance 
one molecular equation that produces that saltfrom the 
parent acid andibase, 


Two unlabelled bottles contain solutions ofa strong 
monoprotic acidy HX(aq), and a weak monoprotic acid, 
HY(aq), of tesame concentration. 


a. Suggest how these acids can be distinguished 
using solid calcium carbonate, CaCO,(s). 


b., Formulate molecularand net ionic equations for the 
reaction.of each acid with calcium carbonate. 


Deduce the formulas of conjugate acids and bases for 
each species listed in table 12. The first two rows are 
filled fonyou as examples. 


Species Conjugate acid Conjugate base 
OH 


does not exist 


A Table 12 Conjugate acids and bases 


Reactivity 3.1 Proton transfer reactions 


2-Amino acids exist as zwitterions, which have both a positive and a negative charge within the same species: 


+ H+ + _Ht+ 
H3N—CH— COOH H3N—CH—COO0” == H2aN—CH—Coo- 
+Ht + Ht 
R R R 
cation zwitterion anion 


Identify two conjugate acid-base pairs involved in these equilibria and state the role of each species. 


. The Ky value at 10°C is 3.47 times lower than that at 


25°C. 
a. Calculate the pH of pure water at 10°C. 


b. Discuss whether pure water at 10 °C is acidic, basic 


or neutral. 
. Calculate the pH for the following solutions: 
a. 0.015 mol dm™? HNO.(aq) 
b. 0.010moldm™?H,SO,{aq) 
c. 0.020 moldm™ KOH(aq) 


. A 0.100 dm? sample of 0.020 mol dm KOH(aq) Was 


mixed with 0.900 dm of water. CalculatettheoH.of 
the final solution. Assume that solution volumes are 
additive. 


. Calculate: 


a. the pOH of a 0.015 moldm = solution of sodium 
hydroxide, NaQH(aq) 


b. the concentrationof hydroxide ions in a solution 
with pOH = 9.50. 


. A0.020moldm = solution of benzoic acid, 


CgH;COOH(aq)phas.a pH of 2.95, 


ad Determine the pK, of benzoieacid. 


b.. Using the’pK, value from part a, calculate the pH of 
aONOmoldm = solutionef benzoic acid. 


. Calculate the pH values forthe following solutions: 


a. 0.010moldms? methylamine, CH3N 
b. 2.0 x40 môl dM ethanoic acid, C 
Refer tó table 8. 


2(aq) 
3COOH(aq). 


16. 


The pK, and pK, Values for the dihydrogenphosphate 
ion, H,PO, (aq), are 7.20.and 11.88, respectively. 


a. Formulatethe equations that represent the 
acid-base equilibria characterized by K, and Ki, 
of the dihydrogenphosphate ion. 

b. Calculate the pK, value for phosphoric 
acid), H3PO.(aq), and the pK, Value for the 
hydrogenphosphate lonjpHPO.2 (aq). 


à Formulate the equations for acid-base equilibria in 


aqueous solutions ofithe following salts: 

a. sodium methanoate, HCOONa 

b. potassiumpiodide, KI 

e. ‘ammonium cyanide, NH4CN 

d. trimēthylammonium chloride, (CH3)3NHCI. 


Foreach solution, predict whether it will be neutral, 
acidic or basic. 


The pK, and pK, values for weak acids and bases are given 
in table 8. 


18. 


20. 


Calculate the pH values for buffer solutions containing 
the following compounds: 


a. 0.25 moldm™® HCOOH(aq) and 0.50 mol dm? 
HCOONafaq); 


b. 0.50moldm™?CH;NH,(aq) and 0.20 mol dm? 
CH3NH;Cl(aq). 


. Explain, using ionic equations, the buffer action of the 


solutions from the previous question. 


Using table 10, identify the most suitable acid-base 
indicator for the titration of: 


a. methylamine, CH3NH,(aq), with hydrochloric acid, 
HC\(aq); 

b. hydrogen cyanide, HCN(aq), with potassium 
hydroxide, KOH(aq). 
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What happens when electrons are transferred? 


In a reaction where electrons are transferred, one species 
will lose electrons—the species is oxidized—and a 
different species will gain electrons—the species is 
reduced. It is impossible to have oxidation of one species 
without reduction of another. These reactions are referred 
to as redox reactions. 


REEMA ÆA Electron transfer reactions 


cS 


Some redox reactions are spontaneous andexothermic. 

If the electron transfer from one species to another is 
made to occur through a wire, such,as in electrochemical 
cells or batteries, the energyreléased)in the process can 
be used to power appliances. Other redox reactions are 
not spontaneous and require energy to occur such’asin 
electroplating, or the reduction of aluminium oxide, Al2O3, 
to produce aluminium metal. 


Understandings 


Reactivity 3.2.1—Oxidation and reduction can be 
described in terms of electron transfer, change in 
oxidation state, oxygen gain/loss or hydrogen loss/gain. 


Reactivity 3.2.2—Halfequations separate the processes 
of oxidation and reduction, showing the loss or.gain.of 
electrons. 


Reactivity 3.2.3—The relative ease of oxidati6n.and 
reduction of an element in a group can be predictee from 
its position in the periodic table. The reactions between 
metals and aqueous metal ions‘*demonstrate the relative 
ease of oxidation of different metals? 


Reactivity 3.2.4—Acids reaet with reactive metalsto 
release hydrogen. 


Reactivity 3.2.5—Oxidation occurs at the anodeé.and 
reduction occursrat the cathode in electrochemical cells. 


Reactivity 3.2.6—A primary (voltai) cellis an 
electrochemical cell that converts.energyrom 
spontaneous redox reactionsito electrical energy. 


Reactivity 3.2.7—Secondary (rechargeable) cells involve 
redox reactions that’can,be reversed using electrical 
energy. 


Reactivity. 3¢228—An electrolytic cell is an 
electrochemical cell that converts electrical energy to 
chemicalenergy by bringing about non-spontaneous 
reactions. 


Reactivity 3.2.9—Functional groups in organic 
compounds may undergo oxidation. 


Reactivity’312.10—Functional groupsin organic 
compoundsymay undergoreduction. 


Reactivity 3.2.11—Reduction of unsaturated compounds 
by the addition ofhydrogen lowers the degree of 
unsaturation. 


Redétivity 3.2.12—Thehydrogen half-cell H(aq) Æ 
te= Te) is assigned a standard electrode 


potentialof zero by convention. It is used in the 
measurement of standard electrode potential, E®. 


Reactivity 3.2.13—Standard cell potential, 

. E®? 2, can be calculated from standard electrode 
potentials. E®,.. has a positive value fora 
spontaneous reaction. 


Reactivity 3.2.14—The equation AG° = —nFE® su 
shows the relationship between standard change in 
Gibbs energy and standard cell potential for 
areaction. 


Reactivity 3.2.15—During electrolysis of aqueous 
solutions, competing reactions can occur at the 
anode and cathode, including the oxidation and 
reduction of water. 


Reactivity 3.2.16—Electroplating involves the 
electrolytic coating of an object with a metallic 
thin layer. 


Reactivity 3.2 Electron transfer reactions 


Oxidation and reduction (Reactivity 3.2.1) 
Reduction and oxidation can be defined in several ways: 

1. in terms of the loss and gain of oxygen 

2. interms of the gain and loss of hydrogen 

3. in terms of electron transfer 


4. interms of oxidation state. 


1. Oxidation and reduction in terms of oxygen gain/loss 


According to the first definition, oxidation is a reaction where a substance 
combines with oxygen. Examples of this type of oxidation reaction include the 
combustion of metals to form metal oxides: 


2Mg(s) + O2(g) > 2MgO\s) 
AFe(s) + 30,(g) > 2Fe,Os(s) 


During aerobic respiration, oxygen reacts with glucose to form carbondioxide 
and water. This can also be described as an oxidation reaction; 


CeHizO¢(aq) + 60,(g) = 6CO,(g) + 6H,O(|) 


According to the first definition, reduction is a reaction wherejoxygen is 
removed from a substance. Examples of this typeof reduction reaction include 
the reduction of nickel(ll) oxide by carbon to produce pure nickeland carbon 
monoxide: 


NiO(s) + C(s) > Ni(s) + CO() 


In all redox reactions, one species is oxidized, and anotheris reduced. Ifthe 
substance being oxidized gains oxygenythen the substance being reduced loses 
oxygen. In the experiment.in figure 2, copper(||) oxide is being reduced, losing 
oxygen, and hydrogen gas is,being oxidized, gaining oxygen: 


CuO(s) + H2(g)/ Culs) H20(g) 


black copper(ll)oxide 


hydrogen in 
=YWA PTN 2 
Qa 
heat 


A Figure 2 Experimental set-up for the reduction of copper(II) oxide by hydrogen 


In some cases, One substance can be simultaneously reduced and oxidized in 
the same reaction. This is known as disproportionation. For example, potassium 
chlorate, KCIO3, decomposes on heating as follows: 


4KCIO3(6) + 3KCIO.(s) + KCI(s) 


In this reaction, some formula units of KCIO3 are reduced to KCI by losing oxygen 
while other formula units are oxidized to KCIO, by gaining oxygen. 


TOK 


n chemistry, the same concept 
can be defined in several ways by 
drawing on different knowledge. 
For example, in Reactivity.3°7; you 
met three separatedefinitions of 
acids and basesythe Arrhenius, 
Brensted+Lowry, and Lewis 
heories. Each of these theories are 
informed by a different aspect of 
a species’ chemistry. What other 
concepts in chemistry can be 
defined in different ways? 


A Figure] In the oxidation of iron, 
iron(Ill) oxide, or rust, is produced 
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Reactivity 3 What are the mechanisms of chemical change? 


The process of heterogeneous 
catalysis is detailed in Structure 3.1. 


$ D.. 
ation of ionic lattice 


2. Oxidation and reduction in terms of hydrogen loss/gain 


Oxidation can also be considered as a loss of hydrogen. For example, in the 
reaction between hydrogen chloride and oxygen, hydrogen chloride loses 
hydrogen to form chlorine gas: 


4HCI(g) + O2(g) > 2Cl.(g) + 2H2O(g) 


Reduction can be considered as the addition of hydrogen to a/species»An 
example of such a reaction is the hydrogenation of ethene: 


CaH,4(g) + H2(g) > C2H¢(g) 


This reaction typically requires Ni(s) as a heterogeneous catalyst. 


3. Oxidation and reduction in terms of electronstransfer 


During a reaction, ifa species loses electrons, itis oxidized, and ifa species gains 
electrons, it is reduced. A useful mnemonic for remembering this is OIL RIG: 


OIL: Oxidation Is Loss of electrons, 
RIG: Reduction Is Gain of electrons 

Consider the reaction between sodium metal andichlorine gas: 
2Na(s) + Cla(g) =2ÑaCl(s) 


This reaction cannot be described in terms of the gain or loss of hydrogen and 
oxygen, as these elements are notinvolved in the reaction. However, we can 
instead describe the oxidation and reduction occurring in terms of the transfer of 
electrons between sodium and chlorine. 


Sodium metal loses.electrons to form sodium cations, so it is oxidized. 
2Na(s) + 2Na* + 2e- 

These electronsjare transferred to chlorine gas, reducing it to chloride anions: 
Clag) + 2e- > 2Cl- 


Thesodium cations and chloride anions are held together by ionic bonds in a 
three-dimensional lattice structure, NaCl(s) (figure 3). 


© O 
2,8,1 2,8,7 2; 


A Figure 3 Sodium atoms are oxidized (lose electrons) and chlorine atoms are 
reduced (gain electrons) in the formation of sodium chloride 


8 2,8,8 
NaCl (NatCl-) 


Reactivity 3.2 Electron transfer reactions 


Case study: Redox reactions in optometry 


Optometrists often prescribe glasses with photochromic lenses. These lenses 
darken in the presence of ultraviolet light (from sunlight); this change is based on 
a redox reaction. 


Ordinary glass is composed of silicates while photochromic lenses contain 
copper(|) chloride, CuCl, and silver chloride, AgCI. The chloride ions are 
oxidized to chlorine atoms on exposure to ultraviolet light (Af). 


hf 
CI- > Cl + e7 


Electron transfer then takes place, reducing the silver cations to silver atoms. 
Agt +e > Ag 


The silver atoms turn the lenses dark, inhibiting the transmission of light. The 
darkening process is reversed by copper(|) chloride allowing the lenses to 
become transparent again. When the lenses are no longer exposed to ultraviolet 
light, the following reaction takes place: 


Cut + Cl > Cu** + Cl- 


The chlorine atoms formed by the exposure to light are reduced by the Cut ions. 
In turn, Cut ions are oxidized to Cu?” ions. These Cu*#ions then©xidize silver 
atoms to Agt ions: 


Cu?* + Ag > Cut + Agt 


As a result, the lenses become transparent agaimand the silver and chlorine 
atoms return to the initial species, Aghand Cl-. 


4. Oxidation and reduction in terms of,oxidation state 
change 
Some redox reactions do notinyolve a transfer of electrons between species. For 


example, in the formatiomof.carbon disulfide) electrons are shared between the 
carbon and sulfuratoms, forming a covalently bonded molecule: 


A Figure 4 Photochromic lenses 


C(s) + 2S(s) > CSa(\) 


Carbon disulfide has the following Lewis structure: 

e . = e 

2 S= S Š 
. e 

We can describe‘oxidation and reduction in terms of the change in oxidation 

state of the atoms in the reacting species. The oxidation state represents 

the charge thatan atom would have in a compound if the compound were 

composed of ions. In other words, all polar covalent bonds are treated as 

ionic, SO all shared electrons in each bond are formally transferred to the more 


electronegative atom. You learned the rules for 
assigning oxidation states to 
atoms in covalent compounds in 
Structure 3.1. 


A compound is oxidized if the oxidation state of an atom in that compound 
increases, and reduced if the oxidation state of an atom in that compound 
decreases. 
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Reactivity 3 What are the mechanisms of chemical change? 


In the carbon disulfide example, the oxidation state of carbon increases from 
O in the reactant, C(s), to +4 in the product, CS,(I), where carbon shares four 
electrons with the more electronegative sulfur. Carbon is therefore oxidized. 


Elemental sulfur has an oxidation state of O. In carbon disulfide, the oxidation 
state of each sulfur atom decreases to —2. Sulfur is therefore reduced, 


TOK 


The underlying assumption when assigning oxidation States is that electrons 
are transferred between atoms, not shared. However, oxidation states are 
not real because they do not represent the actual charges on the atoms in 
amolecule. 


If you study the HL course, you learnedabout formal charges in Structure 2.2. 
Formal charges are also artificial and do not represent actual'charges. When 
assigning formal charges, we assume that the electrons in covalent’bonds are 
shared equally between the atomsinvolved. 


In spite of these simplifying assumptions, oxidation states‘and formal charges 
are both useful tools that help ‘Us to explain redox reactions and Lewis 
formulas, respectively. 


Worked example 1 eo “~~ . a a> 


Sodium chloride, sulfuric acid, and manganese(IV) Oxide eae a€cording to ee chemical equation. 
4NaCl(s) + 2H2SO,(aq) + MnOas )s NaSO, (aq) + MnCl(aq) + 21.01 + Chi(g 

a. Deduce the change in oxidation stats fof each atom. 

b. State which atom is Ajdized, Ai which atom is reduced) 

c. Identify the onding agent and the eng agai 


fo, 


Solution A Ww x 


a. Firsty review wth spes on each, side Fitne equation and assign oxidation states to each atom: 


a p N 


On the ieft-hand side On the right-hand side 


Abin NaCi/Na: +1, W | In Na,SO,, Na: +, S: +6, O: -2 


In H280,, H: +1, S: #6, lo >7 In MnCl, Mn: +2, CI: —1 
4 In H2O, H: +1, O: -2 
In Cls, Cl: 0 


Allthe oxidation states stay the same, except for manganese, where the oxidation state changes from +4 to +2, and 
AX, whele the oxidation state changes from —] to O. 


b. The 3 Fan state of manganese decreases, so manganese is reduced. The oxidation state of chlorine increases, so 
chlorine is oxidized. 


c. As manganese has been reduced and caused chlorine to be oxidized, manganese(IV) oxide, MnO,(s), is the 
oxidizing agent. Chlorine has been oxidized and caused manganese to be reduced. That makes sodium chloride, 
NaCl(s), the reducing agent. 


Reactivity 3.2 Electron transfer reactions 


Worked example 2 


Consider the following balanced equation: 
Fe(s) + 2HBr(aq) > FeBr,(aq) + H2(g) 


a. Deduce the oxidation states of iron and hydrogen in the reactants and 
products. 


b. State which species is oxidized, and which species is reduced. 


c. Identify the oxidizing agent and the reducing agent. 


Solution 


On the left-hand side 


On the right-hand side 


Fe in FeBra: +2 
Hin Hz: 0 
Br in FeBr,: —1 


Fe: O 
Hin HBr: +1 
Brin HBr: —1 


b. The oxidation state of Fe increases, so Fe(s) is oxidized. The oxidation ` 
state of H decreases, so HBr(aq) is reduced. 


c. The oxidizing agent is HBr(aq) and the reducing agentis Fe(s) 


An oxidizing agent causes another species to:be oxidized, with the oxidizing 
agent itself being reduced in the process. A reducing agent causes another 


species to be reduced, with the reducing agent itselflbeing oxidized in the process. 


Practice questions 


1. Consider the following’balanced equation: 


Cl(aq) + 2Kl(aq) 4. 2KCl(aq) Fils(@q) 


a. Deduce the oxidation states of chlorine and iodine in the reactants 
and produets. 


b. State whichelement is oxidized, and which element is reduced. 
é Identify the oxidizing agentand the’reducing agent. 


2. Identify thetoxidizing agents and the reducing agents in the following 
reactions: 


a. PbO(s) + H2(g)— Ph(s)4 H20(() 

b. 2CuO(s)+ E(s) + €O,(g) + 2Culs) 
c. Mgl) + Ciklo) > MgCla(s) 

d> 2Kl(aq) + Br.(aq) > |,(aq) + 2KBr(aq) 


When writing oxidation states, the sign is always placed before the number and 


not after itwIn worked example 2, the oxidation state of hydrogen in HBr is +1 and 


not 1+. 


Remember to describe the compounds as being oxidized and reduced, not the 
individual atoms in the compounds. This also applies to describing the oxidizing 
and reducing agents. In worked example 2, HBr(aq) is reduced and is the 
oxidizing agent, not H. 


The use of Roman numerals to 

Wrepresent oxidation states of 
oxyacids and transition element 
compounds was covered in 
Structure 3.1. 
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Reactivity 3 What are the mechanisms of chemical change? 


Half-equations (Reactivity 3.2.2) 


Consider the reaction between sodium metal and chlorine gas, discussed in the 
previous section: 


2Nals) + Cl.(g) + 2NaCl(s) 


You saw that the processes of oxidation and reduction could be separated into 
two equations: 


Nals) > Nat + e7 
Chg) + 2e- > 2Cl- 


These equations are called half-equations. Separatingatedox processinto two 
half-equations helps to show the transfer of electrons. Half-equations can also 
make it easier to balance the full equation for the redox reaction: The steps for 
writing redox reactions in aqueous solutions are; 


1. Identify the species being oxidized and reduced. 


2. Separate the equatiomintoan oxidation half-equation and reduction 
half-equation. 


3. Balance any atoms being oxidized orreducedt 


4. For the oxidation halfequation, writethe electrons lost on the right-hand 
side of theequation. The numberof electrons should be equal to the 
magnitude of the change in oxidation state of the oxidized species. 


Sw For the reduction half-equation, write the electrons gained on the left- 
hand side of the equation. The number of electrons should be equal to the 
magnitude of the change in oxidation state of the reduced species. 


6. Balance these halfequations so that the number of electrons lost in oxidation 
equals.the number of electrons gained in reduction. 


7. Add the two half-equations together and cancel the electrons. 


8 If thèreaction is occurring in acidic solution, add HzO() to balance any 
oxygen atoms and H+(aq) to balance any hydrogen atoms. 


9af For neutral or basic solutions, add OH (aq) to balance oxygen atoms and 
H2O(l) to balance hydrogen atoms. 


10. Finally, add up the charges and check that the sum is equal to zero. 


Reactivity 3.2 Electron transfer reactions 


Worked example 3 


Iron metal, Fe(s), will react with a solution of silver(I) ions, Ag*(aq), to form 
aqueous iron(lll) ions, Fe**(aq), and silver metal, Ag(s). 


Write the balanced equation for this redox reaction. 
Solution 
First, write the unbalanced equation for the reaction: 


Fe(s) + Ag*(aq) > Fe**(aq) + Ag(s) 


The oxidation state of iron increases from O to +3, so Fe(s) loses electrons and 


is therefore oxidized. 


The oxidation state of silver decreases from +1 to O, so Ag*(aq) gains electrons 


and is therefore reduced. 


Write the oxidation and reduction halftequations, ensuring that the atomsjare 


balanced: 
oxidation: Fe > Fe** 
reduction: Agt > Ag 


To save time, you can omit states of reacting species in,all steps except the 
final answer. 


Add the electrons to make sure that the number oftelectrons in each half 
equation is equal to the magnitude of the change in oxidation state: 


Fe > Fe** + 3e° 
Agt+e > Ag 


Then, multiply the reduction half-equation by threéjso that there are three 
electrons in each halfequation: 


Fe > Fet + 3e 
3Ag* + 3e > 3Ag 
Add thetwo halfequations together and cancel the electrons: 
Fe + 3Ag* + a Fe* + 3Ag + 26 
Fe(s) + 3Ag*(aq) > Fe**(aq) + 3Ag(s) 


Finally, checkthat the charges are balanced: on the left-hand side, there are 


three silver(I) ions with a 1+ charge each, and on the right, there is one iron ion 
with a 3+ charge. So, the total charge on each side of the equation is 3+ and 
thereforethe equation is balanced. Do not forget to add states to all species in 


the final equation. 
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Reactivity 3 What are the mechanisms of chemical change? 


Worked example 4 


Iron(ll) ions, Fe?*(aq), and dichromate(VI) ions, CrO% (aq), react in acidic solution to form iron(lll) ions, Fe**(aq), 


and chromium(III) ions, Cr?*(aq). 
Deduce the balanced redox equation for this reaction. 
Solution 
First, write the unbalanced equation: 
Fe?*(aq) + Cr207* (aq) > Fe**(aq) + Cr°*(aq) 


The oxidation state of iron increases from +2 to +3, 
therefore Fe**(aq) loses electrons and is oxidized. 


In CrO% (aq), chromium has an oxidation state of +6. The 
oxidation state of chromium decreases from +6 to +3, 
therefore CrsO7* (aq) gains electrons and is reduced. 


Write the oxidation and reduction halftequations, ensuring 
that all the atoms that change their oxidation states are 
balanced: 


oxidation: Fe?* > Fe3* 
reduction: CrO, > 2Cr3* 


Add the electrons such that number of electrons ieach 
half-equation is equal to the magnitude of the.change.in 
oxidation state (remembering that there are’two Gr** ions 
in the second half-equation): 


Fe2* > Fe3* + e7 
CrO; + 6e- > 2G Rit 


Then, multiply the oxidation half-equation by six, so that 
there are six electrons in each halFequation: 


6Fe** > 6Fe** + 6er 


CrO + 6e > 2Cr* 


Add the two half-equations together and cancel the 
electrons: 


6Fe** + CrO + GELF + 26r* + GE 

6Fe2* + Cr-O7 > 6Fe?* + Sey 
As this reaction is taking place in acidic solution)we neéd 
to balance the oxygen and hydrogen atoms, Thereyare 
seven oxygen atoms on the left-hand side of the, equation, 


so add seven moles of water to the right-hand'side of the 
equation to balanee the oxygen atoms: 


6Fe** +.Cr,07? > 6Fe*+ 2Cr* + 7HZO 


There are now 14 hydrogen atoms on the right-hand side of 
the equation, so add 14 moles of H+ to the left-hand side of 
the equation to balance the hydrogen atoms: 


6Fes* + CrO + I4* > 6Fe* + 2Cr3* + 7H2O 


Finally, checkthat the charges are balanced. On the left- 
handiside, there are six Fe2*, Cr,O,7?> and 14 Ht ions: 


6x 2) + (—2) + (14 x 1) = 24 


On the right-hand side, there are six Fe** and two Cr** ions: 
6x 3) + (2 x 3)=24 


So, the total charge on each side of the equation is 24+ 
and therefore the equation is balanced. As usual, do not 
orget to add states to all reacting species in the final 
equation: 


6Fe**(aq) + Cr,0,? (aq) + 14H+(aq) > 
6Fe**(aq) + 2Cr*(aq) + 7H,O() 


Practice questions 


3. Write balanced equations for the following reactions that occur in acidic 


solutions: 


a. Zn(s) + SO,7 (aq) > Zn2*(aq) + SO3(g) 

b. MnO,7(aq) + Br(aq) > Mn?*(aq) + BrO3 (aq) 
l2(s)+ OCI-(aq) > 103 (aq) + Cl-(aq) 

d. CrO, (aq) + C20, (aq) > Cr**(aq) + CO9) 


Reactivity 3.2 Electron transfer reactions 


Oxidation and reduction of metals and 
halogens (Reactivity 3. 2.3) 


Relative ease of reduction of halogens 


Halogens can act as oxidizing agents in redox reactions. In these reactions, 
halogens in their elemental state gain electrons, being reduced to singly charged 
halogen anions. In Structure 3.1, you learned that the reactivity of halogens 
increases going up the group. 


increasing reactivity 
E La RR a 
Fo Clo Bro lo 
This means that fluorine is the strongest oxidizing agent among the halogens, 


and the most easily reduced, followed by chlorine, and then bromine. For 
example, chlorine, Cl, can oxidize bromide ions, Br-: 


Cl, + 2Br- > 2Cl- + Bry 


However, chlorine cannot oxidize fluoride ions because fluorine is.a stronger 
oxidizing agent: 


Cl, + 2F- —4@ no reaction 
Instead, the reverse reaction between fluorine and chloride ions is possible: 
Fy + 2Cl- > 2F-+ Clo 


lodine is the weakest oxidizing agent among the halogens, so it cannot be 
reduced by the other halogens. However, iodine will oxidize many metals and 
other strong reducing agents. 


Relative ease of oxidatiomofmetals 


Group 1 metals can act as reducing agents becatise they lose their valence 
electron easily. The reactivity ofgroup 1 metals increases going down the group, 
and therefore the relative ease of oxidation increases going down the group. 


increasing reactivity 
Li (Na \K (Rb Cs 


For other metals, you can deduce their relative ease of oxidation by placing 

a pure metal into a solution ofiions.of a different metal. Ifa reaction occurs, 
then the pure metal is more easily oxidized and it is a stronger reducing agent. 
lfno reaction occurs, then the metal comprising the ionic solution is more 
easily oxidized. 
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zinc — í Consider the reaction between zinc metal and copper(I!) nitrate solution. In 
oa the copper nitrate solution, there are copper(|l) ions, Cu2*(aq). In this reaction, 
copper(|l) zinc metal will dissolve to form a zinc nitrate solution, and copper(|l) ions will be 
nitrate 


reduced to copper metal, which will precipitate out as a solid: 
solution 


Zn(s) + Cu(NOs)a(aq) > Zn(NOs)2(aq) + Cu(s) 


A Figure 5 Zinc will displace copper in Therefore, zinc is a stronger reducing agent than copper, and is.more easily 
solution, changing the colour of the solution oxidized. Conversely, this means that copper(Il) ions are a stronger oxidizing 
from blue to colourless and forming a red agent and are more easily reduced than zinc ions. You cantrack the:transfer of 
copper precipitate electrons in this reaction using half-equations: 


oxidation: Zn(s) > Zn?*(aq) + 2e7 
reduction: Cu?*(aq) + 2e- > Cu(s) 


You can repeat this experiment with severalhdifferent metals to obtain areactivity 
series. In a reactivity series, themost easily oxidized metaliislistedfirst and the 
least easily oxidized metal is listedlast. 


Worked example 5 y < 


Strips of five different metals, zinc, iron, magnesium, copper and silver, were each.addedito solutions of their metal 
nitrate counterparts. The mixtures were observed for a Ro ofttime to see whether a reaction has occurred or not. 
These observations were recorded in table 1. . 


Zn(NO,),(aq) | Fe(NO,),(aq) | Mg(NO,),(aq) | Cu(NO,),(aq) | AgNO,(aq) 


Zn(s) - yes pk Al No | Nes Yes 
Fe(s) No AIN i | No a Yes Yes 
Mag(s) Yes 3 | Yes l R y Yes Yes 
Cu(s) No 4 D No À : - Yes 
Ag(s) No #~® | No f a : No = 


A Table] Summary ofreactionsibetween metalšsiand metal ion solutions 
Use table] to deduce thereactivity series of the five metals. 


Solution 


Magnesium reacts with all four solutions and is therefore the most easily oxidized and the most reactive. Silver metal 
_does Aotreact with any solutionand is the least easily oxidized. However, Ag*(aq) ions are the most easily reduced, 
“making AgNO,(aq) the besttoxidizing agent on the list. 


Completing the list by inspection gives the following activity series, from the most easily oxidized to the least easily 
oxidized: Mg(s), Zn(s), Fels), Cu(s), Ag(s). 


Redox reactions of acids and metals 
(Reactivity 3.2.4) 


Reactive metals, such as magnesium, zinc, and iron, are readily oxidized by 
strong acids, such as hydrochloric acid, HCl(aq), and sulfuric acid, H2SO.(aq). In 
dilute solutions, these reactions produce hydrogen gas and a metal salt: 


Zn(s) + H2SO.(aq) > ZnSO,(aq) + H.(g) 


Zn(s) + ZHCl(aq) > ZnCla(aq) + H2(g) 


In these reactions, the oxidation state of zinc changes from O to +2, and the 
oxidation state of hydrogen changes from +1 to O. The electron transfer is shown 
by the following half-equations: 


oxidation: Zn(s) > Zn?*(aq) + 2e 


reduction: 2H*+(aq) + 2e- > H,(g) 


Therefore, in the reaction between a metal and an acid, the metal is the reducing 
agent, and the acid is the oxidizing agent. 


Copper and silver are less easily oxidized than magnesium, zinc and iron, so they 
do not react with dilute solutions of common acids (figure/7). 


potassium most reactive 
sodium 
calcium 
magnesium 
aluminium 
zinc 
iron 
tin 
lead 

(hydrogen) | 

copper 
silver 


gold 


platinum least reactive 


A Figure7 A reactivity series showing the most easily oxidized metals to the least easily 
oxidized. Metals above hydrogen on the list can react with common acids, those below 
can not 


Reactivity 3.2 Electron transfer reactions 


A Figure6 The reaction of metals with 
acids can be detected bythe “pop” test: 
the gas released from the reaction mixture 
is collected in aninverted test tube, and a lit 
splint is held close to the test tube opening. 
Asmall explosion (“pop”) suggests the 
presence of hydrogen gas that reacts with 
oxygen in the air 
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A Figure 8 Gold is at the bottom of 

the reactivity series of metals, so it is not 
oxidized easily. Therefore, it is the most 
likely to be found in its reduced form, with 
zero oxidation state: elemental gold. It is 
impossible to “pan for lithium” because it is 
at the top of the activity series 


A student investigating the reactivity of zinc and copper noted the following 
Qualitative observations: 


PVIIIIIAIIIIIIIII? Gh? 
1. Copper wire was placed in dilute sulfuric acid. No change was observed. A 
zinc strip was placed in dilute sulfuric acid. Bubbles appeared: 


2. Some copper wire was wrapped around one éhd of the zinc strip. This 
end of the strip and the surrounding copper were placed in dilute sulfuric 
acid. Bubbles evolved quickly on the surface of the.copper. 


3. Strips of copper and zinc were placed in dilute sulfuric acid and. 
connected to each other. Bubbles*evolvedion the surface of the copper. 


copper 


dilute Ha=SO4 


Explaingthe student's observations, using your knowledge of metal reactivity, 
electron, transfer reactions, reactions of acids and metallic bonding. 


Write two. or three linking questions relating the concepts illustrated by this 
experiment. 


Thinking skills 


lronsupplements are used to treat iron deficiency. You will determine the iron content in iron tablets by titrating them 
with a solution offpotassiumy manganate(VII) of known concentration. Manganate(VIl) ions, MnO,7(aq), are powerful 
Oxidizing agents. In theif reaction with iron(II) in acidic solution, purple manganate(VIl) ions are reduced to pale pink 
mangaheselll) ios, Mn2*(aq). In this process, iron(II) ions are oxidized to iron(II) ions. 
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Relevant skills 

e Tool 1: Titration 

e Tool 3: General mathematics 

e Tool 3: Record and propagate uncertainties 


e — Inquiry 2: Assess reliability and validity of results 


Safety 
e Wear eye protection 
e Sulfuric acid, H2SO,(aq), is an irritant 


e Dilute potassium manganate(VIl), KMnO.(aq), is an 
irritant and will stain skin and fabrics 


Materials 

* — iron tablets (or other source of iron(II), Fe?*(aq), ions) 
*  1.0moldm™ sulfuric acid, HSO,(aq) 

* — distilled water 


e 0.020 mol dm potassium manganate(VII) solution, 
KMnO,(aq) 


e pestle and mortar 

* top pan balance 

* two 250cm? conical flasks 
e 100cm? measuring cylinder 
e 250cm? volumetric flask 

e funnel 

e filter paper 

* reagent jar 

e burette 

* 25cm% volumetric pipette 


e white tile 


Instructions 

Part A Preparation of acidified iron tablet extract 

l. ` Grind four iron tablets into a fine powder using a 
pestle and mortar, 


2. Weigh the iron tablet powder and transfer it into a 
conical flask. 


3. AddJOOcm? of 1.Omoldm sulfuric acid, H.SO,(aq), 
to the tablet powder and leave for 24 to 48 hours. 


4. Inthe meantime, review the titration and uncertainty 
propagation sections in the Tools for chemistry 
chapter before starting part B. 


Part B Titration against potassium manganate(Vil) 


5. Filter the iron tablet extract. Transfer the filtrate into 
a volumetric flask and make up tor*the250 cm? mark 
with distilled water. Store in a labelled reagent jar. 


6. Fill the burette with 0:O20moldm * potassium 
manganate(VIl), KMinO.(aq). 


7. Transfer 25.0 cm? of iron tablet solution to.a clean 
conical flask. Place this flask on a white tile Under the 
burette. 


8. Perform ajrough titration,of the iron tablet solution, 
stopping when thé solution in the flask permanently 
turns paleypink. 


9. Repeat the titration several times until you obtain two 
concordant values. 


JO. Clear up according to the directions given by your 
eacher. 


Questions 


1. Write the oxidation and reduction half-equations for 
his reaction. 


2. Deduce the redox equation for this reaction. 


3. Using your results, determine the mass of iron in one 
ablet. 


4. Propagate the measurement uncertainties to obtain 
he uncertainty of the mass of iron per tablet. 


5. Compare your result to the iron content reported on 
he tablet packaging. Calculate the percentage error. 


6. Comment on the reliability and validity of your result. 


7. Describe at least two sources of systematic error and 
suggest improvements that would minimize these 
sources of error. 


8. Explain why you used four iron tablets in this analysis, 
not just one. 


9. Explain why you left the iron tablet powder in dilute 
acid solution for 24 to 48 hours. 


10. Suggest why redox titrations such as this are said to 
be “self-indicating”. 


593 


Reactivity 3 What are the mechanisms of chemical change? 


594 


Electrochemical cells (Reactivity 3.2.5 and 
Reactivity 3.2.6) 


An electrochemical cell interconverts electrical and chemical energy. There are 
two types of electrochemical cell: 


1. In primary (voltaic) cells, secondary (rechargeable) cells, and:fuelicells the 
energy produced by spontaneous chemical reactions is used to generate 
electrical energy. 


2. In electrolytic cells, electrical energy is used,to drive forward non- 
spontaneous chemical reactions. 


n redox reactions, electrons move from the substance being oxidized to 

he substance being reduced. Nearly all spontaneous redox reactions are 
exothermic, and the energy released inthese chemical changes can be used 
o produce electrical energy. Redox reactions used in primary (voltaic) cells 
are irreversible while secondary (rechargeable). cells utilize reversible redox 
reactions. 


n the 18th century, the Italian scientist Luigi Galvani discovered accidentally 
hat an electric current‘could be produced bytwo dissimilar metals connected 
by a moist substance. He noticed that he could cause an amputated frog leg 
o twitch by touching it with two dissimilar metals. Alessandro Volta, another 
talian scientist, doubted that animal legsywere integral to produce electricity. 
He showed that.chemical reactions can, produce electricity and made the first 
battery. 


A Figure 9 (a) Galvani's frog legs experiment (b) Volta’s voltaic pile, the first modern type 
of electric battery 


Reactivity 3.2 Electron transfer reactions 


Any two dissimilar metals and their ions can participate in redox reactions. The 
one higher in the activity series will oxidize to ions and the one lower in the series 
will have its ions reduced to the pure metal. For example, zinc can be oxidized 
by copper(I|) ions, to form zinc ions. The Cu?* ions get reduced, and act as an 
oxidizing agent. 


Zn(s) + Cu2*(aq) > Zn?” (aq) + Cu(s) 
Separating this into two half-equations gives: 

Zn(s) > Zn?*(aq) + 2e~ 

Cu?*(aq) + 2e7 > Cu(s) 


These two processes can occur in separate beakers, called half-cells. 


Zn Cu 


Zn2+(aq) Cu2+(aq) 


A Figure 10 The zine and copper half-cells 


The two half-cells can be connected witha wire to form an.electrochemical cell. 
In electrochemical cells, oxidationalways occurs at the anode, and reduction at 
the cathode. RED CAT isia useful mnemonic: REDuctionat CAThode. Therefore, 
in this case, Zn(s) is the anode and Cu(s) the cathode. This electrochemical cell 
can be represented by the following equations: 


Zn(s) > Zn?*(ag)+ 2e- || Cu2*(aq) 42e- > Euls) 


When tthe half-cells are connectedythe electrons produced by the oxidation 

of zinc at the anode flow through thewirerto the copper half-cell to reduce 
copper(ll) ions, As a result, the zinc halfcell loses two electrons and now takes 
on.a slight positive charge While the’copper half-cell gains two electrons, taking 
ona slightly negative charge. Any further oxidation of zinc is prevented by the 
slight negative charge on the,copper half-cell, which repels the electrons. The 
electrons therefore remain in the slightly positively charged zinc half-cell. The cell 
becomes polarized, and the redox reaction stops. 


To get around this, a salt bridge is used to connect the solutions in the two 
half-cells andycomplete the electrical circuit. A salt bridge consists of an ionic salt 
solution»such as sodium sulfate, Na2SO,, or potassium nitrate, KNOs. It allows 
the positive ions (cations) to flow toward the slightly negatively charged half-cell 
with the cathode and negative ions (anions) to flow toward the slightly positively 
charged half-cell with the anode. 
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Consider the addition of a sodium sulfate salt bridge to our zinc-copper cell. The 
slightly negatively charged copper half-cell attracts Na*(aq) and Zn?*(aq) cations 
through the salt bridge and solution. The slightly positively charged zinc half-cell 
attracts SO? (aq) anions through the salt bridge and solution. This neutralizes 

the charge in each half-cell, so the redox reaction can continue. This is now.a 
complete primary cell (figure 11). This kind of primary cell is known as‘the Daniell 
cell, named after its inventor, the British chemist John Frederic Daniell: 


> Figure 11 A primary cell consisting of a { 

a zinc metal anode (labelled as negative Zn2+ aa NO37 

because it is the source of electrons) dipped NOE Cu 

in ZnSO,(aq), a copper metal cathode : 24 7 54, D 

(labelled positive as it attracts electrons) Znls) > Zm-*(aq)-2e Cu (aa) + 2e° > Culs) 
dipped in CuSO,(aq), an electrical movement of cations 

connecting wire, a voltmeter and a 7 ~~~ 

saltbridge movement/of anions 


As the reaction continuesy the blue colour of the copperlll) sulfate solution fades, 
the’ copper bar increases in size as it Becomes coated in more copper, and the 
zine bar géts thinner. Once there is a significant build-up of Zn**(aq) ions on the 
cathode side, the cell ceasesito function. 


Cell diagrams.are used as a short-hand way to represent primary cells. In this 
convention, the cathode is always written on the right-hand side and the anode is 
always writtenon the left-hand side. The salt bridge is represented by two parallel 
vertical lines. You can use the following general template to write cell diagrams 
for metal-ion"primary cells: 


anode, being oxidized | product of oxidation || species being reduced | product 
of reduction/cathode 


Therefore, the cell diagram for the Daniell cell would be written as follows: 
Zn(s) | Zn2*(aq) || Cu2*(aq) | Cu(s) 


The species on the left-hand side, Zn(s) | Zn?*(aq), represent the anode, with zinc 
metal being oxidized to Zn?*(aq). The species on the right-hand side, Cu?*(aq) | 
Cu(s), represent the cathode, with Cu?*(aq) being reduced to Cu(s). 
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Worked example 6 


Manganese metal reacts with nickel(|I) ions to form manganese(I!) ions and 
nickel metal. 


a. Write the redox reaction that occurs between nickel(ll) ions and 
manganese metal. 


b. Assuming that this redox reaction occurs in a manganese-nickel primary 
cell, write the half-equations that occur in each half-cell. 


c. Write the cell diagram to represent the primary cell for this redox reaction. 


d. Sketch a primary cell for this reaction and identify the anode, cathode, 
direction of electron flow and direction of ion flow. 


Solution 
a. Mn(s) + Ni2*(aq) > Mn?*(aq) + Ni(s) 


b. Atthe cathode: Ni?*(aq) + 2e- > Ni(s) 
At the anode: Mn(s) > Mn2*(aq) + 2e- 


c. Youcan use the general template for cell diagrams: 


anode being oxidized | product of oxidation || speciés being reduced | 
product of reduction/cathode 


This gives: 
Mn(s) | Mn?*(aq) II Ni?*(aq) | Ni(s) 


d. é 
anode is A ~ cathode 


©) salt bridge (+) 


Mn2+(aq) Ni2+(aq) 


Electrons flow from left to right(from the anode to the cathode) through 
theélectrical wireyMn7*(aq)and the cations of the salt in the salt bridge 
also flow fromeft to right through the salt bridge toward the cathode. 
The anions of the)salt flow from right to left through the salt bridge toward 
the anode. 
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Secondary cells (Reactivity 3.2.7) 


A battery is a series of two or more electrochemical cells, typically enclosed 

in a single container. In a primary electrochemical cell, ultimately the reaction 
materials will be consumed, and the reaction is not reversible. Either the anode, 
the electrolyte, or both, need to be replaced, or the battery will be thrown away. 
Typically, the anode (negative electrode) is oxidized and can no longere used. 


As previously discussed, the ions travelling through the solutionand salt bridge 
can polarize the cell, which causes the chemical reaction,to stop»Polarization can 
also cause a build-up of hydrogen bubbles on the’surface ofthe anode. These 
can increase the internal resistance of the cell andreduce its electrical output. 
Primary cells do not operate well under high-current demands, suchas in flash 
photography or electric cars, but are suitable’for low-current householdidevices, 


In a secondary cell, or a rechargeable.cell;.the chemical reactions that generate 
electricity can be reversed by applying an electric currentito,the cell. Secondary 
cells can satisfy higher current demands than primary cells but have a higher rate 
of self-discharge. For examplepbatteries in cell phones.are made of secondary 
cells that can be recharged usingvelectrical energy. Whemyou’purchase a 
replacement battery fora phone, you need to charge it before use because it will 
have self discharged during, the storage and.transportation. 


electron flow(current) 
through extérnal circuit 


) 
= 


negative ions 


electrolyte 


A Figure 12 Structure of an electrochemical cell. The negative anode is oxidized and the 
flow of ions causes polarization. This process cannot be reversed in a primary cell, but it can 
be reversed in a secondary (rechargeable) battery 
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Case study: Lead-acid battery 


Car batteries are made of secondary cells. The electrical energy from the battery 
is used to power the motor that starts the engine, and to power any electrical 
systems in the car. This is known as discharge. Some of the chemical energy from 
the combustion in the engine is used to reverse the chemical reactions that occur 
during discharge, therefore recharging the battery. An idling engine runs slowly 
and does not provide enough energy to recharge the battery, and so the battery 
will gradually discharge. 


A typical car uses a lead-acid battery. This battery is composed of a lead anode, 
Pb(s), a lead(IV) oxide cathode, PbO,(s), and sulfuric acid, H2SO,(aq). Sulfuric 
acid is a strong acid, so it will ionize into H*+(aq) and HSO, (aq). When the battery 
is powering the motor and the car's electrical systems, HSO,7(aq) will oxidize 
Pb(s) at the anode, and H*(aq) will reduce PbO,(s) at the cathode. This gives rise 
to the following discharge reactions: 


anode (oxidation): Pb(s) + HSO. (aq) > PbSO.(s) + H*+(aq) + 2e7 
cathode (reduction): PbO,(s) + 3H*(aq) + HSO, (aq) + 2e- > PbSO«S) + 2H,0(!) 
overall cell reaction: Pb(s) + PbO,(s) + 2H,SO.(aq) + 2PbSQx(s) + 2H30(1) 


Note that the H*(aq) and HSO, (aq) ions are ultimately produced by, the 
dissociation of sulfuric acid, so in the overall cell reaction they are combined 
together and shown as HSO,(aq). 


Worked example 7 
Determine the reactions that occur atthe anodeand cathode in a car battery 
cell, and the overall cell reaction, when the engine is charging the battery. 
Solution 
The charging reactions are the reverse of the discharge reactions: 
anode: PbSO,(s) + H*(aq)+ 2e- > Pb(s) HHSOF (aq) 
cathode: P6S@,(s) + 2H,O(!) > Rb©.,(s) 43H*(aq) + HSO, (aq) + 2e7 
overallicell reaction: 2PbSO,(s).+ 2H3O(I) > Pb(s) + PbO.(s) + 2HSO,(aq) 


The,continual charging of a lead=acidibattery tends to produce hydrogen and 
oxygen from water. Therefore, non-sealed car batteries occasionally need to be 
topped up with distilled water. 


<4 Figure 13 A lead-acid battery consists 
of a series of secondary cells with lead(IV) 
oxide plates, lead plates, and sulfuric acid 
electrolyte 
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Case study: Lithium-ion batteries 


Lithium-ion rechargeable batteries use lithium atoms embedded in a lattice of 
graphite electrodes, rather than pure lithium metal for the anode. The cathode 
is a lithium—cobalt oxide complex, LiCoO3. The lithium atoms are oxidized to 
lithium ions during discharge. 


During charging, the opposite process occurs: the lithium ions in.th lex 
migrate through the battery medium to the anode, where the’ agi ctrons 


a polymer gel, as lithium reacts vigorously with: 
these reactions: 


Electrode | Discharging reaction | Charging 
[anode  [io>ire AE AA y | 
Lit + e- + CoO- H€oOuls) LC902) Flit FE + CoO.) 


A Table 2 Anode and cathode'reaction he lithium-ion b 


The overall cell reaction during harge is Li(s)+ CoO,(s) > LiCoO,(s). 


flow of electrons 
during discharge 


When the lithium-ion battery is in use, electrons flow from the anode to the 
cathode through the external circuit while lithium ions flow from the anode to 
the cathode through the polymer gel inside the cell. When no more lithium ions 
are left on the anode, the battery is flat. To recharge it, the process is reversed, 
transferring lithium ions back to the anode. 


Reactivity 3.2 Electron transfer reactions 


Practice questions 


4. During the discharge of a nickel-cadmium battery, the following reactions 


occur in the cells: 


anode: Cd(s) + 2O0H~(aq) > Cd(OH),(s) + 2e7 


cathode: NiO(OH)(s) + H,O(!) + e7 > Ni(O 


a. Write the overall equation for the cell. 


b. Write the cell diagram. 


H)2(s) + OH-(aq) 


c. Determine the charging reactions that occur in the cell. 


Fuel cells 


Fuel cells are a type of electrochemical cell that convert hydrogen, methanol, 
or ethanol and oxygen into water, carbon dioxide and heat. They cause little 
pollution and are very efficient. Like primary cells, they are not rechargeable, 
but unlike primary cells, they require a steady supply of fuel and oxygen, so the 


reactions in the cell can continue indefinitely. 


For example, in a hydrogen fuel cell, hydrogen gas is supplied tothe anode 
while oxygen gas is supplied to the cathode. The following reactions occur ina 


hydrogen fuel cell: 
anode: H,(g) > 2H*(aq) + 2e7 
cathode: O.(g) + 4H*(aq) + 4e > 2H,O(() 
overall cell equation: 2H2(g) +O(g) +2HO(!) 


In a direct methanol fuel cell(DMFC), methanol is su 
following reactions occur in a DMFC: 


pplied to the anode. The 


anode: CH;OH(|) + H3O(!) > CO,(g) + 6H*(aa)e 6e 


cathode: 30,6) +6H*(aq) + 6e > 34,010) 


overall celhequation» CH;OH(|) + 20.10) = CO, 


A typical fuel cell has the following key components: 


e lectrolyte or separator: thiskeeps components 
proton exchange’membrane (PEM) is a polymer 
through but prevents the diffusion of other ions, e 


e Electrodes; The electrodes are made ofa catalys 
chemical feactions,to occur. There is an oxidizing 
reducing electrode (cathode). 


e“ Bipolar plate: This conducts the electrical curren 
ensures,Uniform distribution of the fuel gas. 


g) + 2H,O(|) 


rom mixing. For example, a 
that allows H* ions to diffuse 
lectrons or molecules. 


that allows for the 
electrode (anode) and 


from cell to cell and 
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external circuit 


fuel H2 


heat 


fuel 
recirculated 


gas diffusion catalyst 
electrode (anode) 


Dp 


émbrane (PEM) 
A Figure 15 Ina hydrogen fuel cell, H2(g) is oxidized at le and O2(9) is reduced at hode. The proton exchange membrane 


The catalys e the electrodes are often made of platinum or other 
expensi e meia , which makes fuel cells expensive to run on a commercial 


h drogen gas used must be very pure to prevent the poisoning ofthe 
therefore the reduction of the cell electrical output. There are two 
ces of hydrogen gas: 


Pract Soden Dov Clean hydrogen can be produced by the electrolysis of water. Solar cells 


or wind generators provide the cleanest form of energy for powering the 


5: line thēfunction of t electrolysis. 
change membra 
(PEM) in fuel cells 2. Hydrogen gas can also be obtained by the reaction of hydrocarbons, 


especially methane, with steam: CH,(g) + H2O(g) — 3H,.(g) + CO(g) 


DMFCs have the advantage of not needing to extract hydrogen gas because they 


house gases 
peratures is use methanol as the fuel. However, they produce carbon dioxide, CO2(g), which 
fa Sucre 32. is a greenhouse gas. 
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Electrolytic cells (Reactivity 3.2.8) 


An electrolytic cell is an electrochemical cell that converts electrical energy to 

chemical energy. The oxidation and reduction reactions in an electrolytic cell are 
non-spontaneous, so they require an external source of electricity to bring about 
the chemical changes. This process is known as electrolysis. 


An electrolytic cell consists of a single container filled with an electrolyte. The 
electrolyte can be a solution of an ionic salt, or a molten ionic salt, composed of 
free-moving cations and anions. Two electrodes (the cathode and the anode) are 
DC) power source is connected to 


dipped in the electrolyte, and a direct current ( 


the electrodes. 


Fuk 


electrolyte 


h= 
DC power 


a 


source 


anode catho 
electrodes 


de 


A Figure 16 The structure of an electrolytic cell 


In a closed circuit, electrons flow fromthe negative terminal to the\positive 
terminal of the DC power source. The negative terminal of the DC power source 
is connected to the cathode. Therefore, electrons flow,to the.cathode and 
reduce the cations in theelectrolyte. The anions in the electrolyte flow to the 
anode and undergo oxidation, releasing electrons. The electrons flow to the 
positive terminal of the DC power source to complete the circuit. The flow of 
electrons and ionsiin an electrolytic cell comprises €léctric current. 


Consider theélectrolysis of molten sodium,chloride, NaCl(!), shown in figure 17. 


DC power source 


anode 

oxidation 

occurs here 

20 7 Clg + 2e 


heat 


ammeter to 
measure current 


e 


cathode 
reduction 
occurs here 
Nat + e — Na 


<4 Figure 17 The electrolysis of molten sodium chloride 
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Practice question 


6. Write the halftequations, and 
full equation, for the electrolysis 
of molten lead bromide, PbBro. 


The definitions of primary, 
secondaryand tertiary alcohols 

are given/in Structure 3.2. 

Naming compounds with 
hydroxyl, carboxyl and carbonyl 
functional groups is also covered in 
Structure 3.2. 


In the electrolytic cell, molten sodium chloride is the electrolyte, which contains 
sodium cations, Nat, and chloride anions, Cl. Electrons flow to the cathode, 
reducing the sodium cations in the electrolyte to form molten sodium metal. The 
reduction half-equation is as follows: 


Nat+e > Nall) 


At the anode, chloride anions are oxidized, producing chlorine gas and electrons 
to complete the circuit. The oxidation half-equation is as follows: 


2Cl > Clg) + 2e 
The overall equation for reactions in the electrolytic cell is: 
2NaCl(|) > 2Na(I) + Cl.(g) 


This electrolytic cell is therefore useful forthe production of sodium metal and 
chlorine gas. 


Reactive metals, such as lithium,magnesium, aluminium, and sodium are all 
obtained by electrolysis of theirPmoltensalts. These metals react with oxygen, so 
the electrolysis must take place in an inert atmosphere. 


Oxidationoforganic compounds 
(Reactivity3. 2/9) 


Some functional groups in organi¢ Compounds can undergo oxidation under 
certain conditions. For example, in the presence of an oxidizing agent, the 
hydroxyl group in secondary alcohols can be oxidized to a carbonyl group, 
forming aketone: 


OH O 
| oS 
R—C —R ——~> C + H20 
| Z% 
R R' 
H 
secondary alcohol ketone 


The symbol [O] is used to indicate the oxidizing agent, which provides a source 
of oxygen atoms. In this oxidation reaction, two hydrogen atoms are lost from 
thercompound, forming water with an oxygen atom from the oxidizing agent. An 
additional bond forms between carbon and oxygen. 


Primary alcohols can be oxidized to carboxylic acids in a two-step reaction. 
In the first step, the hydroxyl group is oxidized to a carbonyl group, forming an 
aldehyde: 


OH O 
| [0] || 
—C—Hh > C + H20 
| HS 
R H 
H 
primary alcohol aldehyde 


Like in the oxidation of a secondary alcohol, two hydrogen atoms are lost and an 
additional bond forms between carbon and oxygen. 


Reactivity 3.2 Electron transfer reactions 


In the second step, the carbonyl group is oxidized to a carboxyl group, forming 


acarboxylic acid: 


O O 
| [o] | 
#%, oN 
R H R OH 
aldehyde carboxylic acid 


In this oxidation reaction, the aldehyde gains an oxygen atom. 


The oxidation of a primary alcohol to a carboxylic acid, or a secondary alcohol 


toa ketone, can be accomplished by reflux. Reflux involves heating the reaction 
mixture with a reflux condenser, which cools any vapours produced and returns 


them back to the reaction mixture (figure 18). An oxidizing agent, such as 
potassium dichromate(VI), KxCr2O7, and a concentrated acid are also added to 
the reaction mixture. 


For the oxidation of a primary alcohol to a carboxylic acid, the oxidizing agent 
is present in excess to ensure complete two-step oxidation, rather than partial 
oxidation to an aldehyde after the first oxidation step. 


The oxidation ofa primary alcohol to an aldehyde can be ac€omplished by 
distillation. Distillation allows the aldehyde to be isolated before it'undergoes 
further oxidation to carboxylic acid (figure 19). In this case, thealcohol, not the 
oxidizing agent, is used in excess. 


Wise out 
condenser 


primary alcohol 
in excess + 
oxidizing agent 
+ concentrated 
acid 


j 


water in 


anti-bumping granules 


aldehyde 


— 
water 

out 
condenser 


— oe” 
Water iin | 


alcohol/+ excess 
oxidizing agent 
+ concentrated acid j 


heat 


A&»Figure 18 The experimental set-up 
for a reflux reaction. Reflux allows vapours 
to condense back to the boiling reaction 
mixture for further oxidation 


<4 Figure 19 The experimental set-up for 
the distillation of an aldehyde obtained by 
the oxidation of a primary alcohol 
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Reactivity 3 What are the mechanisms of chemical change? 


Worked example 8 


Write the equations for the following oxidation reactions, showing 


displayed formulas: 
a. oxidation of ethanol to an aldehyde : Gay 


b. oxidation of propan-1-ol to a carboxylic acid 

c. oxidation of propan-2-ol. gv, 

Use [O] to symbolize the oxidizing agent. In ua tate which 
reacting species is in excess and suggest whi erimental procedure, 


reflux or distillation, must be used. 


Solution 


Hc 
All 


H H 


pri propanoic acid 
© OG- excess 
Q G ma del H H 
Lo [o] | | 
He e 16 16 5) CE CCO 
wa MY rT | i 
im Onl trl ni © inl 
Q & propan-2-ol propanone 
K \ oxidizing agent in excess 


reflux 


Reactivity 3.2 Electron transfer reactions 


In both primary and secondary alcohols, oxidation of the hydroxyl group to a H 

carbonyl group involves the removal of the hydrogen atom connected to the | 

carbon with the hydroxyl group. Tertiary alcohols do not have this hydrogen H—C—H H 
atom, so they cannot be oxidized in the same way as primary and secondary | | | 
alcohols (figure 20). a a 


Reduction of organic compounds 
(Reactivity 3.2.10) 


A Figure 20; 2-methylpropan-2-ol is a 


Carboxylic acids can be reduced to primary alcohols via a two-step reaction tertiaryralcohol, so it cannot be oxidized by 
involving an aldehyde intermediate, and ketones can be reduced to secondary reflux or distillationin the presence of an 
alcohols. The reactions are the opposite of the corresponding oxidation oxidizing agent 

reactions. 


In the presence of a reducing agent, the carbonyl group in a ketone can be 
reduced to a hydroxyl group, forming a secondary alcohol: 


O OH 
l i | 
a C hes —> ~—R-—® 
R R' | 
H 
ketone secondary alcohol 


The symbol [H] is used to indicate the reducing agent, which provides hydrogen 
atoms. In this reduction reaction, the ketone gains twojhydrogen atoms and one 
of the bonds between carbon and oxygen is broken. 


Carboxylic acids can be reduced toyprimary alcohols in a two-step reaction. In 
the first step, the carboxyl group is reduced to a’carbonyl group, forming an 


aldehyde: 
O (6) 
| sai ai 
Pn N > * Sy 
R OH R H 
carboxylic acid aldehyde 


In this reduction reaction, the carboxylic acid,loses an oxygen atom. 


In the second step, the carbonyl group is reduced to a hydroxyl group, forming a 
primary alcohol: 


O OH 
bo, Tf, 
Ry H | 
H 
aldehyde primary alcohol 


Like in the reduction of a ketone, two hydrogen atoms are gained and one of the 
carbon-oxygen bonds is broken. 


In the reduction of carboxylic acids, the aldehyde is produced as an intermediate 
product, but in most cases it cannot be isolated. 
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Reactivity 3 What are the mechanisms of chemical change? 


A common reducing agent used in all the reactions above is lithium aluminium 
hydride, LiAIH,. Aldehydes and ketones (but not carboxylic acids) can also be 
reduced by sodium borohydride, NaBH. 


Vincent van Gogh used lead and chromium paints to Chemists, art historians and conservatorswork together 


create many of his colourful and well-known paintings. to explore and understand these changes,as well as to 
Redox reactions have caused some of the colours to fade devise possible preservation methods. Where else does 
over time. chemistry intersect with the world of art? 


A Figure 21 The yellow paint used in Van Gogh's Bedroom at Arles was probably made from lead chromate, PlCrO, (right) 


Reduction of alkenes and alkynes 
(Reactivity 3.2.11) 


Alkenes and alkynes are unsaturated compounds. Alkenes have a carbon-carbon 
double bond, and alkynes have a carbon-carbon triple bond. Unsaturated 
compounds can be reduced by the addition of hydrogen to the multiple bond. 


In the presence of a suitable catalyst, such as deactivated palladium, Pd(s), 
alkynes can be reduced by hydrogen gas to alkenes: 


H H 
R—C==C—R + H—H ——> = 


R R' 
alkyne hydrogen gas alkene 


In this equation, the symbol R represents either an alkyl group or a 
hydrogen atom. 


Reactivity 3.2 Electron transfer reactions 


Alkenes are reduced by hydrogen gas to alkanes: 


R R' H. H 

Yo 7 | | 
C=C + H—H—_— ih Ge 
alkene hydrogen gas alkane 


This reaction also requires a transition metal catalyst, such as Ni(s) or Pt(s). The 
same catalysts can be used to reduce alkynes directly to alkanes using excess 
hydrogen gas: 
R-C=C-R’ + 2H-H > R-CH,-CH,-R’ 

alkyne excess alkane 


hydrogen 


Reduction of alkynes and alkenes decreases the degree of unsaturation of these 
compounds. 


@) Thinking skills 


In this task, you will create a concept map to summarize the material covered / 
in this unit and identify the connections between various aspects of electron 
transfer reactions. You will need a large sheet of paperand several sticky 
notes. This task is based on a Harvard Project Zero Visible Thinking Routine 
known as Generate-Sort-Connect4 Elaborate. | 


e Makea list ofthe key words in this unitand write them on sticky notes. 
These are the nodes of your concept map. 


e Write the title “Electron transferreactions” at ir centre ofa large sheet of 
paper. 


e Arrange the nedes (sticky notes) on the pang around the title, from 
general to more specific. 


* Daw lines between pairs of nodes torepresent the connections between 
them. é 


e « Writela brief statement along each connecting line to describe how the 
key words aredinked. 


o Share your concept map with your class and expand it once you have 
received feedback. . 


Practice questions 

7. Predictthe products of the reaction of excess hydrogen gas with: 
a. ‘propene 
b.  pent-l-yne. 


Write the full equations, including displayed formulas, for these reactions. 
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Reactivity 3 What are the mechanisms of chemical change? 


The reactivity series and the 
corresponding standard electrode 
potentials are given in section 19 of 
the data booklet. SATP conditions 
are provided in section 4. 


Standard electrode potentials 
(Reactivity 3.2.12) 


The ease of oxidation and reduction of a species in an electrochemical celhcan 
be described numerically using a standard electrode potential, or standard 
reduction potential, E®. Standard electrode potentials are definedelative toa 
hydrogen-based half-cell where the following reaction occurs: 

SHAQ) E°=0V 

This half-cell is known as the standard hydrogen,electrode (SHE) and is assigned 
a standard electrode potential of zero. An inert platinum electrode is used, in the 
SHE because the reduced species is hydrogen gas and nota metal. 


H*(aq) +e = 


Species with a more negative standard electrode potential will have greater ease 
of oxidation, and greater tendency to reduce other species. They willbe higher 
in the reactivity series. Species. with amore positive standard electrode potential 
will have greater ease of reduction,and greater tendency to oxidize other 
species. They will be lower in the reactivity series. Of all the elements, lithium has 
the greatest ease of oxidation.andfluorine has the greateést.ease of reduction. 


Standard electrode potentials aré measured in volts (V). They are correct for 
standard temperature and pressure (SATP) conditions (temperature = 298K, 
pressure = 100 kPa)All aqueous species present in the half-cell equation must 
also have a concentration of 1.0 mol dm™%, 


Practi¢e question AJ ” 


8», The standard electrode potentials of four metals are given in table 3. 


Metal E°/NV 
tin, Sn(s) -0.14 
calcium, Ca(s) —2.87 
lithium, Li(s) —3.04 
aluminium, Al(s) —1.66 


A, Table 3 E® values for selected metals 


Order these metals according to their ease of oxidation, with the most 
readily oxidized first. 


Reactivity 3.2 Electron transfer reactions 


Standard cell potentials (Reactivity 3.2.12) 


The voltage of an electrochemical cell depends on the identity of the electrodes 
in each half-cell. The further apart the species are on the reactivity series, the 
greater the voltage. This voltage, known as the standard cell potential, E® 


can be calculated by finding the difference between the standard electrode 
potentials of the half-cells: 


E? u = E? (reduced species) - E° (oxidized species) 


For a reaction in an electrochemical cell to be spontaneous, E® eu must have 
a positive value. In that case, the reduction will occur at the electrode with 
the more positive value of E® (the cathode) and the oxidation will occur at the 
electrode with the more negative value of E® (the anode). In other words: 


E? .., = E®(cathode) — E®(anode) 


Consider an electrochemical cell composed of Fe** | Fe and Cu” | Cu fialf-cells. 
The data booklet states the half-cell reduction reactions and their standard 
electrode potentials as follows: 


Fe**(aq) + 2e- = Fels) E® =-0.45V 
Cu?*(aq) + 2e7 = Cu(s) E® = +0.34V 


The copper electrode has the more positive value of E&, so Gu2*(aq) will be 
reduced to Cu(s), and the half-equation at thatelectrode will proceed in the 
forward direction. 


The iron electrode has the more negative valu@of EÙ, so Fe(s) will be oxidized 
to Fe**(aq), and the halfequation at that electrode will proceed in the reverse 
direction to that stated above: 


Fe(s) = Fe?*(aq) + 2e7 
Now you can determine the overall standard potential. of the cell: 
E? u = E°(reduéed species) — E° (oxidized species) 
= (+0.34 V)= (-0.45V) 
=0,79V 


To find the overall equation for the electrochemical cell, add the two half- 
equations together, cancelling the electrons and ensuring that the equation is 
balanced: 


Fe(s) + Cu2*(aq) Fe**(aq) + Cu(s) 


This reaction is described as being spontaneous in the forward direction. You 
cantherefore Use E° data to predict which direction will be spontaneous for a 
reversible redox reaction in an electrochemical cell. 
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Reactivity 3 What are the mechanisms of chemical change? 


= Worked example 9 


An electrochemical cell composed of a Zn** | Zn half-cell and a standard hydrogen electrode (SHE) half-cell is shown 


in figure 22. The redox reaction in the cell can be written as follows: 


a. 


2H*(aq) + Zn(s) = Zn?*(aq) + H2(g) 


H2 gas 
at 1 bar 


voltmeter 


Zinc 


standard hydrogen electrode 


ZnSO,(aq) 
platinum (1 mohdrars) 
electrode 

HCE) 

(1 moldrn-3) 


standard zinchalfcell 


A Figure 22 The electrochemical cell with a SHE half-cell andá Zn|Zn?* half-cell. The voltmeter 


is set up to measure the overall cell potential 


State which half-cell contains the anode and which contains the cathode. 


b. Predict whether the forward or backwards'reaction is spontaneous. 


Ei 


Show that the standard cell potential, E°..., is +0.76 V using section 19 of the data booklet. 


Solution 


a. 


612 


First, write the half*cellreduction reactions.and 
standard electrode potentials from the’data booklet: 
Zò (aâ) te SZn(s) EP =—-O.76V. 
blader e= SHAQ) É =000V 
The SHE half-cell has themore positive value of EF, so it 
willlinvolve a reduction reaction/and therefore contains 
the cathode. 


The zinc half-cell has the more negative value of E®, 
so it will involve amoxidation reaction and therefore 
contains the.anode. 


Reductionioccurs at the SHE half-cell, so its half- 
equationwill proceed in the forward direction as given 
in the data booklet. 

Oxidation occurs at the zinc half-cell, so its half- 
equation will proceed in the reverse direction: 


Zn(s) = Zn?*(aq) + 2e- 


C: 


Before you add the half-equations together, you first 
need to double the stoichiometric coefficients in the 
hydrogen half-equation to ensure that there is an equal 
number of electrons in each halfequation: 


2H+(aq) + 2e- = H,(g) 


Now add the half-equations together, cancelling the 
electrons: 


2H*(aq) + Zn(s) > Zn?*(aq) + H-(9). 


Therefore, the reaction will be spontaneous in the 
forward direction for the equation given in the 
question. 


E? a, = E° (reduced species) — E®(oxidized species): 
(0.00 V) — (—0.76 V) 
OOM 


Reactivity 3.2 Electron transfer reactions 


Worked example 10 


An electrochemical cell comprises a Cu2*| Cu half-cell and an Agt| Ag 
half-cell. 


a. State which half-cell contains the anode, and which contains the 
cathode. 


b. Write the spontaneous reaction that occurs in the electrochemical cell. 


c. Calculate the standard cell potential, ESen- 


Solution 


a. Copy the half-equations and standard reduction potentials for each half- 
cell from the data booklet: 


Agt(aq) + e7 = Ag(s) E° = +0.80 V 
Cu?*(aq) + 2e = Cu(s) E°=+0.34V 


The silver half-cell has the more positive value, so it contains thercathode) and 
the copper half-cell contains the anode. 


b. The silver half-cell has the more positive E® value, só reduction occurs 
in this half-cell and the half-equation is already shown in the correct 
direction. Oxidation occurs in the copper halfcellaso the half-equation 
needs to be reversed: 


Cu(s) = Cu**(aq) + 2e7 


Before you add the half-equations tegether, you first need to double the 
stoichiometric coefficients in the silver half-equation to ensure that there is an 
equal number of electrons in each half-equation: 


2Ag*(aq) + 2e> = 2Ag(s) 
Now add the halftequations together, cancelling the electrons: 
2Ag*(aq) +.Cu(s) > 2Ag(s) #Cu?*(aq) 
c. E? en =E? (reduced species)— EC(oxidized species): 
= (+0.80 V) — (+0.34V) 
=0.46V 


It is important to note that the half-cell voltage for silver electrode is not 
multiplied by two. Thevelectrons lost and gained need to be balanced, 

but the potential of the cell only depends on the chemical nature of the 
species involved in the halfequation, and not on the way the half-equation is 
balanced. 
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Reactivity 3 What are the mechanisms of chemical change? 


This equation and the value of 

the Faraday constant are given 

in sections 1 and 2 of the data 
booklet. Change in Gibbs energy, 
AG, can also be defined in terms 
of the enthalpy change, entropy 
change and temperature, as 
described in Reactivity 1.4 (AHL). 
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Gibbs energy and standard cell potentials 
(Reactivity 3.2.14) 


The standard change in Gibbs energy, AG®, over the course of a chemical 
reaction occurring in an electrochemical cell, can be determined from the 
standard cell potential, E9 en: 


AG®= —nFE® en 


where n is the number of electrons transferred in the balanced redox equation, 
and F is the Faraday constant, 9.65 x 10*C mol", 


You know that an electrochemical reaction will be spontaneous if Esn isositive. 
As the right-hand term in the equation above.has a negative sign, a reaction will 
be spontaneous if AG is negative. 


F has units of coulombs per mole, Col", where coulomb is theS| unitof 
charge. E®.. has units of volts, V. Whenthen, F and B® «u terms arémultiplied 
together, the resulting value has‘units of CV mol '. One volt is equivalent to one 
unit of energy per unit charge; in otherWords, one joul&per coulomb: 1V = 
1) C7. Substituting this intoCV mol” gives: 


CJC mol” = jJmol. 


Therefore, theaínitsóf AG® are Jmol yor more often AG® is converted to kj mol”! 
by dividing,by 1,000. 


Worked example 11 


In worked example 9, ES. forthe reaction 2H+(aq) + Zn(s) > Zn2*(aq) + 
H.,(g) was calculated to be +0.76V. Calculate AG® for this reaction. 


Solution 
Two eléctronsare transferred in this redox reaction, son = 2. 
AG? EFE? on 
= 2 (9165x 10*C mol") x 0.76JC" 
= —1.47 10°} mol or —147 kj mol™ 


Practice questions 
9. The standard change in Gibbs energy, AG®, is -152 kJ mol” for the 


following electrochemical reaction: 
Fe(s) + CuSO,(aq) > FeSO,(aq) + Cu(s) 
a. State whether the reaction will occur spontaneously. 


b. Calculate the value of E®,... Compare the value obtained with the 
difference in standard reduction potentials of Fe2*/Fe and Cu2*/Cu 
electrodes, which are given in section 19 of the data booklet. 


Reactivity 3.2 Electron transfer reactions 


The displacement reaction between zinc and copper(I) 
ions is as follows: 


Zn(s) + Cu2*(aq) > Cu(s) + Zn?*(aq) 


Ifthe oxidation and reduction processes are separated 
into two half-cells connected by an external wire and 

salt bridge, chemical energy from the spontaneous 
redox reaction is converted into electrical energy. In this 
practical, you will measure the cell potential of a zinc- 
copper cell and use this to determine AG for the reaction. 


You will be using 1.0 mol dm™ solutions, which require 
large quantities of the corresponding hydrated salts. To 
minimize waste, very small volumes of the electrolytes will 
be used. Once finished, you are encouraged to recover 
the electrolyte solutions instead of discarding them, as 
they can be used for other experiments. 


Relevant skills 

e Tool 1: Measuring potential difference 

e Tool 1: Constructing electrochemical cells 
e Tool 3: Calculate percentage error 


e Tool 3: General mathematics 


Safety 
e Wear eye protection 


* Copper(ll) sulfateand zinc sulfate are harmful and 
irritant. Avoid contact with eyes and skin 


* Copper(|l) sulfate and zinc sulfate are toxic tothe 
environment and must be disposed of safely 


Materials 


* copper(!!) sulfate pentahydrate, CuSO,°5H,O 
e zinc sulfate heptahydrate, ZAS@,* 7Hz,O 

e distilled water 

* zinc electrode 

* copper electrode 

e potassium chloride 


*< twoweighing bottles (or other small wide-mouth 
containers) 


* sandpaper 
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50 cm? beakers 

filter paper 

tweezers 

high-resistance voltmeter 
crocodile clips 


connecting wires 


Instructions 


I 


N 


Prepare a 1.0 mol dm™ còpper(lll) sulfate solutionand 
ransfer 5.0 cnf? of it into a weighing bottle. 


Prepare a/l .0Mmoldm™ zinc sulfate/solution and 
ransfer 5.0 cm? of it to a second, weighing bottle. 


Sand the two electrodes to remove any surface 
contaminants. 


Prepare a small volume of saturated potassium 
chloride solution. Cuta strip of filter paper to use as 
a salt bridge. between the two half-cells. Dip the strip 
into the potassium chloride solution. 


Construct theyvoltaic cell: 

* (connect the two solutions in weighing bottles 
with the salt bridge 

* connect the electrodes to the voltmeter using the 
crocodile clips and connecting wires 

e dip the electrodes into their corresponding 
solutions in weighing bottles. 


Measure the potential difference. 


Clear up according to the directions given by your 
teacher. 


Questions 


i 


Calculate the theoretical standard cell potential for 
your zinc-copper cell, using the standard electrode 
potentials in the data booklet. 


Compare your experimental result to the theoretical 
value and calculate the percentage error. 

Suggest at least two reasons why your measured 
value differs from the theoretical value. 

Calculate AG from your measured cell potential. 
Research the relationship between E,..and AG under 


non-standard conditions. Use this to briefly outline two 
research questions related to voltaic cells, Eeu and AG. 
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Electrolysis of aqueous solutions 
(Reactivity 3.2.15) 


We have discussed the electrolysis of molten ionic salts where cations are 
reduced and anions are oxidized. The electrolysis of aqueous solutions of 
ionic salts introduces oxidation and reduction reactions involving water, which 
compete with the redox reactions of the anions and cations of the salt at the 
anode and cathode. 


The reduction of water can proceed as follows: 


H-O) + e= > FHlg) + OH"(aq) ES- -085V 
If the standard electrode potential of the salt cation is more negative than 
—0.83V, then water will be preferentially reduced over the salt cation and 


hydrogen gas will be formed at the cathode. 


The other possible competing reactions the oxidation of water. In the data 

booklet, the reduction of oxygen is given as follows: 

Too) + 2H*(aq) + 2e) EC Rei V 

Reversing the equation gives the half-equation for the oxidation of water. The 

reduction potential has to be reversed aswell, giving an oxidation potential: 
H-O) > TOP Haa) + 26" E® =-1.23V 

If the oxidation potential ofthe salt anion is moré negative than —1.23V, then 

waterwill bepreferentially oxidized,over the salt anion and oxygen gas will be 

formed at the anode. 


For example, consider two electrolytic cells: one composed of molten sodium 
chloride, NaCl(\)gand one composed of an aqueous sodium chloride, NaCl(aq). 
In the electrolysis of NaGi(!), electrical energy is provided to the cell, resulting 

in the reduction ofsodium ions to form sodium metal at the cathode and the 
oxidation of chloride ions to form chlorine gas at the anode: 


cathode™Nat + e7 > Nall) 
anode: Cl-> tco) +e 
overall cell equation: 2NaCi(!) + 2Na(l) + Cl(g) 


In the electrolysis of aqueous sodium hydroxide, NaCl(aq), the two competing 

oxidation and reduction reactions involving water are introduced. There are now 
two species that can potentially be reduced at the cathode: sodium ions from the 
salt, and water. The two competing reduction reactions are as follows: 


Nat(aq) + e7 > Na(s) E°=-2.71V 
H.01) + e= + FH.g) + OH-(aq) E® =-0.83V 


The reduction potential of water is less negative than that of sodium, so water is 
more easily reduced than the sodium ions. Therefore, the only product formed 
at the cathode will be hydrogen gas, H,(g). The sodium ions, Na*(aq), and 
hydroxide ions, OH~(aq), will stay in the solution. 


Reactivity 3.2 Electron transfer reactions 


The chloride ions from the salt and water also compete to be oxidized at the 

anode. The half-equations and standard electrode potentials involving the 

oxidation of chloride ions and water are shown below. 

Tcro) +e > Cl-(ag) E°=+4+1.36V chlorine gas hydrogen gas 


100) + 2H#(aq) + 2e- > HOI) E®=+1.23V 


sodium 
chloride 


The equations need to be reversed to reflect the oxidation of these species: solution 


cl (aq) >$ Chio) +e E° = —1.36V 
H-O() > Too) + 2H+(aq) + 2e- E®=—1.23V 


The chloride ions have a more negative oxidation potential than water, so we can 
expect water to be oxidized preferentially compared to chloride ions. However, 
the difference between the two oxidation potentials is small, so in solutions with 
high concentration of Cl-(aq) ions the main product formed at the anode will be 
chlorine gas, Cl,(g) (figure 23). 


The overall cell equation is as follows: 


Na*(aq) + Cl-(aq) + HO!) > THa) + tco) + Nat(ao h OH-ad) 


+ \carbon rod carbon rod 
as positive as negative 
electrode (+) electrode (-) 


or 
NaCl(aq) + HO!) > tH.) + Sela) + NaQH(aq) 


Doubling the stoichiometric coefficients gives the final equation: 


A Figure 23 The electrolysis of aqueous 
sodium chloride 


2NaCl(aq) + 2HO(!) > H.(g) +.Cl.(g)+ 2NaOH(aq) 


In dilute solutions of NaCl(aq), the concentration of Cl-(aq) ions is lowy'So water 

is oxidized along with chloride ions. In that case, a mixturesof oxygen gas and 
chlorine gas is produced at the anode. In very dilute solutions, oxygen gas will be 
the only product at the anode. 


Worked example12 


Deduce the.products.of the electrolysis of aqueous copper(l) sulfate, 
CuSO, (aq), with inert electrodes* Write the overall cell equation. 


Solution 


Firstpwwrite the halfequations.and standard electrode potentials involving the 
reduction of copper(I!) ions and water. 


Cu**(aq) +/2e5=> Cu(s) E°=+0.34V 
HOI e 5 Hag) + Haq) F®=-0.83V 


Thesreduction potential of copper(II) ions is more positive than that of water, 
so copper(ll) ions will be reduced to copper metal at the cathode. 


The two competing species for oxidation at the anode are sulfate ions, SO.2- 
(aq), and water. In this case, the sulfate ions cannot be oxidized because sulfur 

is in its highest oxidation state of +6. Therefore, removing any more electrons 
from sulfate would result in an impossible electron configuration for sulfur. Ps 
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2idaO — 4Ht + 46% 
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Practice question 


10. Deduce the products of 
the electrolysis of aqueous 
potassium dichromate, 
KCr2O7(aq), with inert 
electrodes. 


oxygen evolved 


Oz 


This means that water will be oxidized at the anode and oxygen gas will be 
released, with hydrogen ions staying in solution: 

H.0()) > 10219) + 2H*(aq) + 2e- 
The overall cell equation is therefore: 


Cu*(aq) + SO," aq) + H,0(l) + Cul) + 0,19) + 2H*(aq) SO.P e0) 
or 
CuSO,(aq) + H.0()) > Culs) + 10-9) + sSOileq) 

Doubling the stoichiometric coefficients gives the final equation: 


2CuSO,(aq) + 2H,O(|) > 2Cu(s) + O29) + 2H,SO,aq) 


Electroplating (Reactivity 3.2.16) 


The electrolysis of aqueous copper(|l) sulfate describediin worked example 12 
uses inert carbon electrodes (figure 24, left). However, ifthe electrodes are 
made from a reactive metal, the electrolysis ofan aqueous solution of an ionic salt 
will add material totheicathode and take materialiaway from the anode. These 
processes are known as plating and eroding, respectively. 


For examplepconsider an electrolytiecell containing a solution of copper 

sulfate, CuSO.{aq), with theanode and the cathode each made of copper metal 
(figure.24, right). When,the electriecurrent is applied, the copper anode will 
erode to'form Cu2*(aq) ions while'the same ions will be reduced at the cathode 
to form Cu(s). This processcan bé used to purify a sample of impure copper 
metal. The impure copper is used as the anode, which will be eroded to produce 
Cu?*(aq) ions. Theseiions will then be reduced at the cathode and plated there 
as pure copper metal. The impurities will either stay on the anode (if they are less 
readily oxidized than’copper metal) or remain in the solution (if their ions are less 
readily reduced than copper(I) ions). 


inert electrodes A) 


Pt or graphite) ek y copper electrodes 
‘al 


(4 


copper deposited 
Cu2+ + 2e- — Cu copper deposited 
Cut + 2e- + Cu 
copper dissolves 


Cu + Cu2+ + 2e- 


solution loses blue colour solution retains blue colour 
A Figure 24 ‘Electrolysis of copper(II) sulfate with inert electrodes Electrolysis using copper electrodes causes the copper anode to 
reduces copper(II) ions at the cathode and oxidizes water, dissolve and copper metal to deposit on the cathode. The amount of 
producing oxygen gas at the anode. The blue colour of the solution copper(|l) ions in the solution remains constant, so the blue colour of 
fades as copper(II) ions are replaced with hydrogen ions. the solution does not fade 


Reactivity 3.2 Electron transfer reactions 


Electroplating involves coating an object with a thin layer of pure metal by + - 
electrolysis. A metal anode is oxidized to form cations in the solution. The cations HH 
travel through the solution to the cathode, where they are reduced to form a thin 

layer of metal on the cathode. 


= 
I 
< 


For example, in an electrochemical cell comprising a copper anode, a steel 


cathode, and copper(ll) sulfate solution, the steel cathode will be plated with a steel ring 
thin layer of copper (figure 25). copper cathode (-) 
anode (+) to be plated 


with copper 
copper(||) sulfate 


Scientists make inferences from their observations. Observation involves use sation 

of the senses. Our knowledge of the behaviour of matter then allows us to infer A Figureé25 In copper electroplating, 
conclusions from observed data. For example, you can observe gas bubbles copper(II) ions are reduced at the cathode 
being generated at an electrode during electrolysis, and you can infer the to form a thin layer of Cu(s), on the surface of 


identity of the gas from your knowledge of the composition of the electrolyte) the cathode (in this case, a steel ring) 


Similarly, you may observe a brownish-red solid being deposited at the cathode 
during the electrolysis of aqueous copper(|l) sulfate and, from that, infer that 
copper is reduced at that electrode. What “counts” as an observation in.science? 


Worked example 13 
Deduce the half-equations at each electrode in theelectroplating of a steel 
electrode with copper in a copper(I) sulfate solution, CuSO, (aq). 
Solution 
At the anode, copper metal is oxidizedito copper(I!) ions: 

Cu(s) > Cu?*(aq) + 2e- 
At the cathode, the reverse reaction occurs: 


Cu**(aq) + 2e7 + Gu(s) 


Practice question 


11. Awnickelspoon is used in a silver electroplating experiment as shown below. 


Hy 


44 


silver i nickel spoon 
to be plated 
(cathode) 


t 


silver nitrate solution 


a. Writethe half-equation for the reaction occurring at the: 


i. cathode ii. anode. 


A Figure 26 The trophy for the top prize 
at the Berlin International Film Festival, the 
Golden Bear, is made of bronze coated with 


b. Describe and explain what would happen to the concentration of the 
silver(I) nitrate electrolyte. 


c. Describe and explain the mass changes at each of the two electrodes. a thin layer of gold by electroplating 
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End of topic questions 


7. The following reaction occurs in a voltaic cell. 


Topic review 
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HF 


Using your knowledge from the Reactivity 3.2 topic, 
answer the guiding question as fully as possible: 
What happens when electrons are transferred? 


Exam-style questions 
Multiple-choice questions 


2Ag*(aq) + Cu(s) > 2Ag(s) + Cu? (ag) 

What reaction occurs at each electrode? 
el Cathode 
A. | Ag*(aq) > Ag(s) +e 
B. | Ag*(aq) +e >Ag(s) 
C. | Ag*(aq) +e > Ag(s) 


Culs) =Cu*(aq) + 2e- 
Cu(s) + 2e-— CuzHaq) | 
Cu(s) > Cu (aĝ) + 2e- 


2. Which species contains nitrogen with an oxidation state D. | Cu(s) > Cu# (aq) + 29| Ag*(aq) + è> Agl) 
of +5? 8. Which of the following classes of compound can be 
A. N, reduced? 
B. NO alkene 
Cc. NO, Ik, Carboxylic acid 
D. HNO, bl aldehyde 
3. Which elementis reduced in the following reaction? A. land \lonly 
2MnO,, (aq) + Br(aq) + H,O(!) > B-ħgřand Ill only 
2MnO,(s) + BrO, (aq) + 2OH (aq) €. Iland Ill only 
A. Mn D. 1, lland'Tll 
B. O 9. Whichiclass ofcompotnd is formed when a secondary 
C, Br alcohol is\oxidized? 
BE inl A. aldehyde 
4. Which of the following is nota redox teaction? Baguether 
A. 2H,O, >2H,O +O, C, ketone 
B. CH,COOH + Lik» CH,CO@K+ H,O Dip caiboxyicacia 
C. C,H, + Br, > C,4gem 10. Hydrogen can be added to ethene to produce ethane. 
D; @)ar Gh, — 2NaCl C,H,(9) + H,(g) > C,H, (g) 
5. Which pair reacts most vigorously? Which of the following is correct for this reaction? 
A. Liand Br, Degree of Species that undergoes 
B.  Liand Fy unsaturation reduction 
c NES o —_ ethene 
D. Kand F, decreases ethene 
6. \Whatare the products ofthe electrolysis of molten increases | hydrogen 
lead(ll) bromidesPbBr,? | BL kaeks | hydrogen 


Cathode product 


Anode product 


iE 


Consider the standard reduction potentials: = 
Cd?*(aq) + 2e° = Cd(s) E® = -0.40 V < 
Cr*(aq) + 3e7 = Cr(s) E® = -0.74 V 


Which is the strongest oxidizing agent? 


A Cda 
eh, Cen 
T Co 
DL € 


= 
ak 


AHL 
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12, 


What are the major products of the electrolysis of 
concentrated sodium chloride solution, NaCl(aq)? 


| | Negative electrode Positive electrode 


Extended-response questions 


is 


. Sodium chloride is found in table salt. 


The reaction between ethanedioate ions, C,O,* and 
manganate(VIl) ions, MnO,,, in acidic solution is a redox 
reaction. The incomplete equation for this reaction is 
shown below: 
C,0,7 + MnO, > CO, + Mn** 
a. Deduce the oxidation state of carbon in the 

ethanedioate ion, C,O,. fl] 
b. The oxidation half-equation is: 

C,0,7 (aq) > 2CO,(g) + 2e° 

Deduce the reduction half-equation, 

including state symbols. [2 
c. Deduce the full redox reaction. fl 


a. Describe how bonding occurs in sodium 
chloride. {2 
b. Explain why sodium chlorideis notan electrical 
conductor when solid but can conduct electricity 
when molten. fl 


c. Molten sodium@ehloride canbe electrolysed. 
Identify the halfequation for the reaction thattakes 


place at the 
i. cathode 0] 
ii. anede. m] 


dé Deduce the half-equation*forthe oxidation reaction 
that takes place when dilute”aquéous sodium 
chloride is electrolysed) 1] 

e. A student prepares aconcentrated sodium 
chloride solutiomand adds a few drops of 
phenolphthalein. Thé student then electrolyses the 
solution. Describe two observations made by the 
student during the electrolysis. [2] 


a. bit +e Lis) is a reaction occurring at one of the 
electrodes in a lithium-ion battery. State at which 
èlećtrode (anode/cathode) this reaction occurs 
and whether this is the charging or discharging 
reaction. [2] 

b. Identify the reaction at the opposite electrode. [1] 

c. Explain why lithium-ion batteries must be sealed. [ 


16. 


Write an equation for the complete combustion 


of ethanol. fl] 
i. Deduce the oxidation state of carbon in 

carbon dioxide. n] 
ii. Deduce the mean oxidation state ofearbon 

in ethanol. 0] 


iii. State and explain, with reference to oxidation 
states, whether carbon i$ oxidized or reduced 
when ethanol undergoes complete 
combustion, 1] 

Ethanol can dlsoœbe oxidized when reacted with 

acidified potassiumdichromate(VI)) 

i. Draw the structural formulas and state the names 
of thé two\possible organic products ofthis 


reaction. [2] 
ii. State the methods used to isolate each of the 
substances in your answer above. m] 


AStudent carries out the following reactions between 
three'unknown metals (X, Y and Z) and several dilute 
solutions. The following results were obtained: 


Y + Z(NO,)s(aq) | Y isa shiny grey metal. Z(NO,),(aq) is 


aclear blue solution. When reacted 
together, a red-brown solid appeared 
on the surface of the metal. Over 
time, the solution’s blue colour faded. 


X+ Y(NO,),(aq) No reaction 


Z+X(NO,),(aq) | No reaction 


Z + HCl(aq) No reaction 


le 


List metals X, Y and Z, in order of increasing 
reactivity. fl] 
Suggest, with reference to two observations, 
which metal, X, Y or Z, could be copper. [2] 
A standard nickel-copper voltaic cell is set up. 
i. Draw the cell diagram for this voltaic cell and 

label the following: 

- ions in each solution 

- cathode 

- anode 

- direction of travel of electrons in the external 

circuit 
- direction of travel of cations in the salt 
bridge. [2] 

ii. Deduce the equation, including state symbols, 

for the spontaneous redox reaction that occurs 

in this cell. [2] 
Calculate the standard cell potential, in V, for the 
redox reaction. Refer to section 19 of the data 
booklet. fl] 


= 
Æ 
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What happens when a species possesses an unpaired electron? pr foxy 


When an atom or polyatomic species has an unpaired electron, it is called a radical. When a covalent bond:between two 
atoms breaks through the process of homolytic fission, the two electrons involved in the bond move onto the separate 
atoms. The radicals are highly reactive and can combine with other radicals to form more stable covalent molecules. 


Understandings 


dieals take part in substitution : 
es, producing a mixture of produ 


Reactivity 3.3.1—A radical is a molecular entity that has Reactivity 3.2.3— 
an unpaired electron. Radicals are highly reactive. reactions with, alkat 


Reactivity 3.3.2—Radicals are produced by homolytic 
fission, e.g. of halogens, in the presence of ultraviolet (UV) 
light or heat. ( pars 


IntroductioMmto radicals(Reactivity 3.3.1) 


Organic reaction mechanisms are detailed descriptions of the conversion of 
reactants to products. These mechanisms are a means of explaining which bonds 
are broken.and formed, anchhow electrons move over the course of the reaction. 
Oneitype of chemical species involvedin such mechanisms are radicals. 


A radical,is a chemical entity thathas an unpaired electron. Radicals are different 
from charged species (such as ions) in that a radical can exist independently 
ofany other species»|n contrast, cations and anions will always have a 
corresponding counterion. A radical species is indicated by a dot (°). There are 
two commontypesof radical: 


* ~~ asingle atom, such as a halogen radical, for example the chlorine radical, Cle 


* a polyatomic species, for example the methyl radical, *CH3, and the hydroxyl 
radical, ©OH. 


When the radical consists of several atoms, the dot in the chemical formula is 
placed next to the atom with the unpaired electron. For example, in the methyl 
radical, the dot is placed next to carbon, as carbon has the unpaired electron: 


Due to their high reactivity, radicals are usually formed as intermediates in a 
reaction, that is, they are not the ultimate reaction products. Two radicals can 
react with each other to form a new covalently bonded compound with no 
unpaired electrons. This process is known as termination. However, radical 
species can also react with non-radical species to create further radical species. 
This process is known as propagation. 
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f) 
Scientists make provisional explanations for the patterns they observe. A 
universal observation that has puzzled humans for a long time is ageing. All 
living things deteriorate physically over time. The free radical hypothesis of 
ageing (also known as the free radical theory of ageing) was proposed in the 
mid-20th century and has been widely accepted. Radicals are produced in 
mitochondria (figure 1) as a by-product of metabolic processes. 


However, critics of this F 
The free radical hypo 


What other asp; of nature of scie hes eses connected to? 
For OQ rad 


figure 2). 


A Fi sh en arrow represents the movement of an electron pair 


A Figure 3 The fish hook arrow represents the movement of a single electron 


icals (Reactivity 3.3.2) 
rly arrows are usedhto illustrate movement of electrons in reaction 
s, as bond b and made. A double-barbed arrow shows the 
inof ele s ( 
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TOK 


Organic mechanisms depict the 
movement of electrons during a 
reaction. In this section, you have 
encountered fish hook arrows 
(figure 3), which represent the 
movement of a single’electron. 
Double-barbed arrows (figure 2) 
representthe movementof 
electron pairs. These are discussed 
in Reactivity 3.4. 


To what extent are curly-arrow, 
mechanisms descriptive, 
explanatory or interpretative? 


When you draw mechanisms using curly arrows, pay attention to the following: 
e The base of the arrow must start at the origin of the moving electrons. 
e The arrowhead must finish at the exact destination of the electrons. 


* The arrow starts at an electron-rich region and ends at an electron-poor 
region of the molecule or other species. 


Fish hook arrows are commonly used in the reactions involving radicals. A radical 
is formed when a molecule undergoes homolytic fission, The twovelectrons of a 
covalent bond are split evenly between two atoms resultingin two radicals that 
each have a single electron. Halogen radicals are formed this way, where the 
halogen bond ina diatomic halogen molecule is broken homolytically. 


CECI —> C + cr 


A Figure4 Homolytic fission of chlorine,Cl,, to form chlorine radicals, €l Ħ 


Notice how fish hook curly arrows are used to show the path of each electron that 
make up the chlorine-chlorine bond. 


For homolytic fission of halogensto occur, the reaction mixture must be exposed 
to ultraviolet (UV) light,or heated. The homolytic fission of halogens to form 
halogen radicals is the first step in a series of chain reactions initiated by radicals. 
For this reason, it is known as the initiation step. 


Radiéal substitution reactions 
(R€activity 3.8.3) 


One common type of reaction.in organic chemistry is substitution reactions. 
Substitution is the replacement of an atom or a group of atoms in an organic 
molecule with another atom or group of atoms. 


Alkanes are'relativelyinert due to the strength of the carbon-carbon (346 kj mol’) 
and carbon-hydrogen (414 kj mol!) bonds. In addition, the bonds in alkanes are 
non-polar, which makes them unreactive towards polar reagents. To transform 
alkanes into more reactive species, some of their non-polar bonds must be 
replaced with polar bonds. One way of achieving this is to halogenate the alkane 
using radical substitution reactions. 


For example, when methane reacts with chlorine in the presence of UV light or 
heat, chloromethane and hydrogen chloride are formed (figure 5). This is an 
example of a radical substitution reaction. 


i | 
a ae ee ee ee 


| or neat 
H 


A Figure5 Radical substitution in methane to form chloromethane 


Reactivity 3.3 Electron sharing reactions 


There are three stages involved in radical substitution reactions: initiation, 
propagation and termination. 


Initiation 

The initiation stage involves the homolytic fission of a molecule to produce radical 
species. In the presence of UV light, the chlorine molecule splits homolytically, 
producing two identical chlorine radicals, Cle (figure 6). The Lewis structures 
below show the movement of electrons. 


aside os os 
SSIECS — FCs. +'Cl: 
A Figure 6 The homolytic fission of chlorine is the initiation 
step. This is the same as the reaction in figure 4 


Propagation 


The propagation stage includes reactions of a radical species with a non-radical 
species to form a different pair of a non-radical species and a radical species. In 
this case, the first propagation step occurs between a methane molécule anda 
chlorine radical, Cle (figure 7). 


i | 
H—CHN Gi: — HOC 

| | 

H H 


A Figure7 The first propagation step in the radical substitution of methane 


In this step, a methyl radical is formed), which allows the reaction to continue, or 
propagate. Radical substitution is therefore a chain reaction, as reactions in the 
propagation step produce furthemreactive radicals. 


The methyl radical, *CH3, reacts with a chlorine molecule, producing the 
desired halogenoalkane, chloromethane, CH3Cl, and another chlorine radical, 
Cle (figure 8). 


i 
Hoc 22! iS — 


i yw” 


H H 


A Figure 8 The second propagation step in the radical substitution of methane 


The regenerated chlorine radical can take part again in the first propagation step. 
This cycle of the two propagation steps will continue until a termination step 
OCCUTS: 
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Termination 


The termination step includes reactions between two radical species to form a 
non-radical species. The termination step therefore reduces the concentration 
of radicals in the reaction mixture. You can see from the propagation steps 

that these reactions need a constant supply of radicals to continue. Therefore, 
termination reactions slow down the reaction, eventually stopping it completely. 


In the radical substitution of methane, three termination reactions are possible: 


GOG: — Gait 
i | 
a ee 
H H 


Asa result, a mixture of products is formed, including the desired product 
chloromethane, but also chlorine,which canbe recycled for the initiation step. 
Ethane is also produced, which isa by-product 


Chloromethane has a carbon-chlorine bond, which is polar. Therefore, an 
organic molecule with greater reactivity has been generated, which can be used 
in other organic chemistry reactions. In the same way, any other alkane can be 
halogenated by chlorine or bromine in the presence of UV light or heat. Fluorine 
iS too reactive; so directfluorination of alkanes often leads to the breaking of 
carbon-carbon bonds and the formation of a complex mixture of products. In 
contrast, the reactivity of iodine is too low, so radical iodination of alkanes does 
not Occur. 


You can build molecular models using software, specialized model kits, or 
simple materials such as plasticine and toothpicks. Using a medium of your 
choice, model the free radical mechanism of the reaction between ethane 
and diatomic bromine, Brz, under UV light. 


Relevant skills 
e Tool 2: Physical and digital molecular modelling 
Instructions 


1. Start by modelling the initiation step. Then, model the propagation steps. 
Finally, model the termination steps. 


2. Share your model with your class. Choose a suitable way to do so. You 


may decide to create a stop-motion video recording, live explanation, or 
something else (for example, a flick book). 
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End of topic questions 


Topic review Extended-response questions 

1. Using your knowledge from the Reactivity 3.3 topic, 5. a. Define homolytic fission, includingthe required 
answer the guiding question as fully as possible: reaction conditions. [2] 
What happens when a species possesses an unpaired b. Write an equation to show the movement of 
electron? electrons during homolytic fissionof iodine. 0] 

Exa m-style questions 6. This question is about carbon ahd,chlorine compounds. 


a. Ethane, C2He, reacts with chlorinein sunlight, 


Multiple-choice questions State the type of this reaction and the,name of the 


2. Whatis a propagation step in the radical substitution mechanism by which it occurs. m] 
mechanism of ethane with chlorine? b. Formulatesequations for the two propagation 
A Cl 2Cle steps and one terminatiomstep inthe formation of 
B  *CsHs + Cl, > CHCl + Cle ehloroethane.from ethane. [3] 


C eCoHs+ Cle > GoHsCl 7 


Chloromethylbenzene, CgHsCH,Cl, is a useful reagent 
D CyHe+Cle > CjH-Cl + ° 


in synthetic reactions in the manufacture of pesticides, 
medicines and fragrances. 


3. Methane reacts with chlorine in sunlight. 
CH4(9) + Cl(g) > CHsCl(g) + HCI(g) a. Draw thestructural formula of methylbenzene, also 


known as toluene. 1] 


Which type of reaction occurs? or 
b. Methylbenzene can undergo chlorination 


in the presence of UV light to produce 
chloromethylbenzene. Explain the role of UV light 


A radical substitution 
B electrophilic substitution 


C nucleophilic substitution in the initiation step. 1] 
D electrophilic addition c. Formulate the equation to describe the initiation 
4. Which of these reactions*proceeds by a tadical aCe 1] 
mechanism in the presence ofUV light? d. Write equations for the two propagation steps and 
A — CeHe + Clo > CgHCl + HCI one termination step. 3] 
CoHg + 3H> LM e. Write an equation for the overall reaction, using 
structural formulas. 3] 


B 
C CHCH: HBr CH3CH.Br 
D CH3CHs-+ICl, > CH3CH,Cl AICI 
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reactions 


ww 
What happens when reactants share their electron pairs with others? a 


When heterolytic fission of a molecule occurs, one of the two fragments receives the bonding electron pair, forming 
a nucleophile. This nucleophile is electron-rich and can share an electron pair with an electron“deficient species (an 
electrophile), forming a new covalent bond. 


Understandings 


Reactivity 3.4.1—A nucleophile is a reactant that forms a 


7 
; a : i Reactivity 3. , A Lewis acid’ an Fèlectrðn- air z 
bond to its reaction partner (the electrophile) by donating eN, a Ala: ie an electrompair Pes F 


both bonding electrons. A 

Reactivity.3. 4, 7—When a Lewis) base reacts with 
Reactivity 3.4.2—I|n a nucleophilic substitution reaction, a Lewis acid, a coordinati6n bond is formed. 
a nucleophile donates an electron pair to form a new “Nicleophiles are Lewis b ses and electrophiles are 
bond, as another bond breaks producing a leaving l Ptewis Acids. 
group. M \ Reactivity 3.4. ae FEN cinatpn bonds are formed 


“when ligands donate. an electron pair to transition 


Reactivity 3.4.3—Heterolytic fission is the breakage ofa \ 
: element cations) forming complex ions. 


covalent bond when both bonding electrons remain with 


one of the two fragments formed. de Reactivity 3, 4. 9—Nutleophilic substitution 
1 A ~ ’ reactions include the reactions between 
Reactivity 3.4.4—An electrophile i$ a reactant that halogenoalkanes and nucleophiles. 


forms a bond to its reaction partner (the nucleophile) by 
accepting both bonding electronsifrom that reaction 
partner. A . 


: Reactivity 3.4.10—The rate of the substitution 
ħ reactions is influenced by the identity ofthe 
Į leaving group. 


Reactivity 3.4.5—Alkeneé arésusceptible to eledtrophilic / Reactivity 3.4.11—Alkenes readily undergo 


attack because of the highelectron density ofithe J electrophilic addition reactions. 
carbon-carbon double bond These reagjens lead to” Reactivity 3.4.12—The relative stability of 
electrophilic agai’: ae carbocations in the addition reactions between 


eat A Ww hydrogen halides and unsymmetrical alkenes can 
á aw A be used to explain the reaction mechanism. 
Reactivity 3.4.13—Electrophilic substitution 
reactions include the reactions of benzene with 
electrophiles. 
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Nucleophiles (Reactivity 3.4.1) 


In Reactivity 3.3, you saw the process of activating an alkane by substituting a 
hydrogen atom with a halogen atom. The resulting halogenoalkane contains a 
polar carbon-halogen bond, C-X, so the carbon atom is electron-deficient. This 


means that it is open to attack by a species known as a nucleophile. 


A nucleophile is an electron-rich species that contains a lone pair of electrons. 


It can be neutral or carry a full negative charge. A nucleophile (reactant) can 


donate a pair of electrons to an electron-deficient species called an electrophile. 


This forms a covalent coordination bond between the nucleophile and the 
electrophile (figure 1). 


Nu E ——» [Nu—E]} 


Nu ———> —Nu E 


A Figure1 A negatively charged or neutral nucleophile (Nu) 
can attack an electrophile (E) forming a coordination bond 


Water, H2O, is an example of a neutral nucleophile, as it has two Jone pairs of 
electrons on the oxygen atom and no charge. The hydroxide ion, <OH, is a 
negatively charged nucleophile, with three lone pairs of electrons. 


Other examples of nucleophiles include charged atomsand ions, such as the 
halogen ions (Cl-, Br-, lz), cyanide ion (@N-) and hydrégensulfide ion (HS~), and 


RON .. A 
z 0] \H 
A fix] 


A Figure2 Water and the hydroxide ion'are both 
nucleophiles because they contain at least one lone pair of 
electrons 


neutral molecules, such asiammonia (NH3) and methylamine (CH3NH)>). 


The strength of a nucleophile dépends on its ability to donate its electron pair to 


an electrophile. 


Practice questions 


1. What must be present in a nucleophile? 


A. 
p. 
C: 
D. 


Negative Charge 
Lone pairof electrons 
Positive charge 


Synametrical distribution of electrons 


2. \Whieh of the following is not an example of a nucleophile? 


A. 


B 
C 
D 


CH3NH2 
(CHs)2NH 


J The nature and mechanism of the 
formation of coordination bonds 
are discussed in Structure 2.2. 
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Practice questions 


3. Deduce the equations for 


the reactions between the 

following reactants, identifying 

the nucleophile and leaving 

group: 

a. 2-bromo-2-methylpropane 
and potassium hydroxide 


b. bromopéntane and the 
cyanide ion. 


Nucleophilic substitution reactions 
(Reactivity 3.4.2) 


In most reactions involving nucleophiles, the nucleophile donates an electron 
pair to the electrophile, forming a bond. However, in nucleophilic substitution 
reactions, this also results in the breaking of one of the bonds in theelectrophile, 
producing a small molecule or leaving group. 


Nug+ R= X: —> R—Nu + jA 
KA E te 

A Figure 3 Mechanism for a nucleophilic substitution 

reaction, where Nu = nucleophile, R >electron-deficient 

atom in the electrophile and X = leaving group 


An example of nucleophilic substitutionds the reaction of chloroethane, a 
halogenoalkane, with aqueous sodium hydroxide. 


CH;CH,Cl(g) + OH faa) =1CH;GH,OH(aq) + Chad) 


The presence of a highly electronegative chlorine atom polarizes the carbon- 
chlorine bond in chloroethane. The resulting partial positive charge makes 
the carbon atom electron-deficient and therefore susceptible to attack by 
nucleophiles. 


The hydroxide nucleophile donates an electron paito form a new covalent bond 
between, the oxygen and carbonatoms, At the same time, the bonding pair of 
electrons inthe carbon-chlorine bond moves onto the chlorine atom, breaking 
the/bond and creating the leaving group, a chloride ion (CI). This mechanism is 
detailed in'figure 4. 


ie H H H 
| | | s» | | 
Hae —g— cl: —— E == 
H H NGH H H cS 
électrophile ee leaving group 
nucleophile 
A Figure 4 The nucleophilic substitution of chloroethane with 


a hydroxide ion nucleophile. The electron-deficient nature of the 
carbon atom is indicated with a partial positive charge (6+) 


For over a century, the journal Organic Syntheses has been employing 
chemists to independently repeat and check every experiment submitted for 
publication in the journal. There are many peer-reviewed scientific journals in 
circulation. While not all investigations submitted to journals are verified by 
replicating the experiment, all articles are thoroughly reviewed. The reviewers 
are experts who scrutinize the research methods and claims described in 

the manuscript. The manuscript is then either accepted, or rejected, or sent 
back to the author for revisions that must be addressed before further review. 
The peer-review process is widely recognized as a valuable quality control 
method that ensures that information provided in journal articles is reliable. 
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Heterolytic fission (Reactivity 3.4.3) 


When an unsymmetrical cleavage of a covalent bond occurs, the electrons in the 
bonding pair are distributed unevenly. This is known as heterolytic fission. In 
this process, one of the atoms is left with both bonding electrons while the other 
atom receives none of the bonding electrons. This results in the formation of a 
cation that is deficient of an electron and an anion that has an extra electron. 


When drawing heterolytic fission, a double-barbed curly arrow is used to show A 4 j 

a A.B— A N 
the movement of the electron pair. The arrow starts at the bond and finishes aktion n 
where the electrons are moving to. In the case of figure 5, atom B becomes an 


anion and atom A becomes a cation. & Figure 5 Heterolytic fission ofa 


diatomic molecule 
Organic compounds, such as halogenoalkanes, can undergo heterolytic fission 
at the carbon-halogen bond to form a halogen anion and an alkyl cation. Alkyl 
cations with the positive charge on the carbon atom are called carbocations. 


Worked example 1 


Draw the mechanism for the heterolytic fission of bromomethanevand hence deduce the finaliproducts. 


Solution 
First, draw the structure of bromomethane: Then draw the,double-barbed curly arrow, originating 
4 from the carbon=bromine'bond and finishing on the 
| bromine’atoms 
H—C—Br H 
H eN 
Identify the partial charges in the molecule: H 
a The products are therefore a methyl carbocation and a 
T o Ste bromide anion: 
l H H 


ğ | 


Hen o e 


The two species formed during heterolytic fission are usually unstable, and 
therefore have a short lifespan. This means that they are usually intermediates 
in an overall reaction: 


G linking question 


What is the difference between the bond-breaking that forms a radical 
and the bond-breaking that occurs in nucleophilic substitution reactions? 
(Reactivity 3.3) 
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Reactivity 3 What are the mechanisms of chemical change? 


A Figure 6 Boron trifluoride is an 
electrophile, with an electron-deficient 
boron atom 


Non-polar molecules, such as 
bromine, Br,, can also behave as 
electrophiles. This is covered in 
detail in the AHL section of this 


topic. 


A Figure 8 Alice Balliwas the first woman 
and first African American to earn a master’s 
degree fromthe University of Hawaiʻi. She 


died in 1916 at the age of 24 before her 
work on the Ball method was published 
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Electrophiles (Reactivity 3.4.4) 


We defined an electrophile as an electron-deficient species. Electrophiles 
readily accept a pair of electrons from an electron donor, a nucleophile, to form 
a covalent bond. Electrophiles are either positively charged ions (cations), or 
neutral molecules with a partial positive charge (6+) on one of the atoms. Partial 
charges are generated by the presence of a highly electronegative species in the 
molecule resulting in the polarization of a bond. 


The methyl cation, *CHs3, isan example of an electrophile with a full/positive 
charge. Boron trifluoride, BF3, has an electron-deficient boron atom. The boron 
atom is susceptible to nucleophilic attack. It is an example of an electrophile with 
a partial positive charge (figure 6). 


Compounds with carbonyl or carboxy! groups, such as aldehydes,.ketones and 
carboxylic acids, are also electrophiles. Theelectron-deficient carbonatom of the 
carbonyl group is susceptible to nucleophilic attack (figurez). 


A Figure 7 Carbon atoms in carbonyl 
groups or carboxylgroups, such as that in 
butanoic acid, have a partial positive charge 


AliceBall was a US chemistiand researcher working in early 20th century 
Hawaiʻi. At the time, it was known that chaulmoogra oil was an effective 
treatment forleprosy, but it was not suitable for injection. Ball developed a 
method for converting chaulmoogra oil into ethyl esters that were far easier 
to administer to patients. This method was used to treat leprosy for decades 
prior to the introduction of antibiotics. 


DP chemistry covers much of the theory underlying Ball’s procedure for 
converting chaulmoogra extract into ethyl ester. Search online for “the 
chemistry of the Ball Method”. You will recognize many of the core chemical 
concepts involved in this method. 


Electrophilic addition reactions in alkenes 
(Reactivity 3.4.5) 


In Structure 2.3, we defined alkenes as unsaturated hydrocarbons that contain 

a carbon-carbon double bond. The presence of the double bond makes 
alkenes more reactive than the corresponding saturated alkanes. The carbon- 
carbon double bond is a region of high electron density that is susceptible to 
electrophilic attack. This reactivity means that alkenes are often used in industrial 
processes as the starting molecules for synthetic reactions. The reactions 
between alkenes and electrophiles are known as electrophilic addition reactions. 


Reactivity 3.4 Electron-pair sharing reactions 


Electrophilic addition of halogens 


An example of electrophilic addition is the reaction between an alkene and a 


diatomic halogen molecule, X2. In this reaction, the halogen molecule is added 
across the electron-rich carbon-carbon double bond, resulting in the formation 


of a disubstituted halogenoalkane with the general formula C,,H2,Xo. 


For example, the reac 
Br2(aq), yields a single 


ethene 


bromine water 


+ Br—Br 


(brown) 


—j>-  — 


ion between ethene gas, CH.(g), and bromine water, 
product, 1,2-dibromoethane, CzH.Bry: 


H 


| | 
—C—H 
| | 
Br Br 
],2-dibromoethane 
(colourless) 


This reaction can also be used to test for the presence of unsaturated compounds 
in a mixture of hydrocarbons, as the bromine water will turn colourless inthe 
presence of alkenes or alkynes. 


Electrophilic addition of hydrogen halides 


Electrophilic addition reactions will also occur betweenalkenes and hydrogen 
halides, HX. The process is similar to the addition-ofhalogens: the hydrogen 
halide molecule is added across the carbon-carbon double bond*This results 
in the formation of a monosubstituted halogenoalkane with the general formula 


Ca aneiX- 


For example, consider the electrophilicaddition reaction between but-2-ene, 
C,H,(g), and aqueous hydrogen bromide, HBr(aq). But-2-éne is a symmetrical 
alkene, so the addition ef a hydrogen.halide molecule will produce only one 


possible product: 2-bromobutane, C,H.Br. 


H H H 
\ N | 
C=C + H—Brie— 3C—H—C-&CH3 
{ vX\ 
HgC CH3 Br 
but-2-ene hydrogen 2-bromobutane 
bromide 


The reaction of an unsymmetrical alkene, such as propene, with a hydrogen 
two possible products: 


halide will yield 


propene 


| 


H—Br 


hydrogen 
bromide 


—> 


3C CEH and 3C 


Br 
]-bromopropane 


Br 


2-bromopropane 


Practice questions 


Determine the product of 
the reaction of propene 
gas, C3H,(g), with chlorine 
gas, Cl(g). Draw the 
displayed formulas of all 
reactants and products. 


lodine dissolves in many 
solvents to form solutions 
of various colours, from 
yellow to brown or purple. 
Explain how an iodine 
solution can be used to 
detect the presence of 
unsaturated hydrocarbons. 


633 


Reactivity 3 What are the mechanisms of chemical change? 


The selectivity of addition reactions 
involving unsymmetrical alkenes is 
discussed in the AHL section of this 


topic. 


Practice questions 


5. Deduce the equations for the 
reaction between the following 
alkenes and electrophiles: 


a. 
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2-methylbut-2-eneé and 
hydrogen bromide 


pent-2-ene and iodine 
ethene and water 


cyclohexene and hydrogen 
chloride 


methylpropene.and 
hydrogen iodide 


Electrophilic addition of water 


Electrophilic addition reactions also occur between water and alkenes. This 
occurs when an alkene is added to an acidic solution, resulting in the formation 
of an alcohol. The reaction involves the addition of a water molecule across 
the carbon-carbon double bond, forming an alcohol with the general formula 
CpHan1OH. This reaction is also known as a hydration reaction. 


TOK 


Chemists interested in synthesizing a particular compound Use their 
knowledge of structure and physical properties to determine suitable “ % 
synthetic pathways to produce that compound. Imagination, intuitionand 
reasoning all play their part in scientific innovation. Imagination,transcendsthe_ 
limitations of acquired knowledgeand opensup the possibility of new,ideas. 
What are the roles of these ways of thinking when solving chemieal problems 
and applying knowledge in novebsituations? @ £ 


For example, hex-3-ene, CsH)2(I), undergoes electrophilic addition with water, 
H,O(|), to form the secondary alcohol hexan-3-ol, CsH;3OH(aq). Hex-3-ene is 
symmetrical, so only one product is formed. 


H H HoH 

Ca A 

EN% # H AOH § — H3CH2C—C—C—CH2CH3 
HaChH2C CH2CH3 H OH 

hex-3-ene water hexan-3-ol 


» ' As with hydrogen halides, two products will be formed in the electrophilic 


addition of waterto an unsymmetrical alkene. 


A “Vinkin questions 
et 


Whyis bromine water decolourized in the dark by alkenes but not by alkanes? 
| (Reactivity 3.3) 
# Why are alkenes sometimes known as “starting molecules” in industry? 
(Structure 2.4) 


(ant) Social skills 


Collaboratively develop answers to three of the linking questions in this 
chapter. Make a list of the key understandings from this chapter, as well 
as others, that help you address the linking questions. Summarize your 
responses in a document shared with the rest of your class. Compare and 
contrast the answers developed by the people in your class. Draw out the 
common themes in everyone's answers. 


Reactivity 3.4 Electron-pair sharing reactions 


Lewis acids and bases (Reactivity 3.4.6) 


In Reactivity 3.1, we defined a Bransted-Lowry base as a substance that can 
accept a proton (a hydrogen ion, H+). The presence of at least one pair of 
electrons in Bransted-Lowry bases allows them to form a coordination bond 
with a proton. The hydroxide ion and ammonia are examples of Bransted-Lowry 
bases (figure 9). 


A Lewis acid is defined as an electron-pair acceptor and a Lewis base as an 
electron-pair donor. The Lewis acid-base theory is a more general definition 
when compared to the Arrhenius and Bransted-Lowry theories, enabling a wider 
range of substances to be included. 


Both ammonia and the hydroxide ion can act as Bransted—Lowry and Lewis 
bases, donating a pair of electrons to the hydrogen ion. The hydrogen ion acts as 
a Lewis acid, as it accepts the electron pair. 


We can use Lewis acid-base theory to identify the role of each reacting species 
in reactions where protons are not involved. For example, consider the reaction 
between boron trifluoride, BF3, and ammonia, NH3: 


BF; + :NH; —» FB <— NH; 


In this reaction, ammonia donates a lone pair of electronsito boron trifluoride. 
Therefore, ammonia is a Lewis base and boron trifluoride isa Lewis acid. In this 
reaction, no proton is involved, so it cannot be described using Brensted-Lowry 
acid-base theory. 


Copy and complete the table for each of the followingspecies: H2O, Cu?*, 
CHCOOH, OH-, NH; and HF. The example of BF yhas been.completed. 


+4 


| 

| 
ee A = j 

lo, 


Species BF; 


Brønsted-Lowry acid o 


Lewis acid Yes 


Lewis base No 


g Linking y question Y 


Whatis the.relationship between Brønsted-Lowry acids and bases and Lewis 
acids and bases? (Reactivity 3.1) 


O 
AoH- — 7 NH H I 
< 
H oT 
Dne + | £ 
N Pa a 
H AO | eH 
H 


A Figure9 Thelone pair ofelectrons on 
Brønsted-Lovýrý bases forms a coordination 
bondiwith a proton 


Practice question 


6. Which species is a Lewis acid 
but not a Bronsted-Lowry acid? 


A Cut 

B NH,* 

C- Gü 

D CH3;COOH 
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Lewis acid and base reactions (Reactivity 3.4.7) 


You have learnt that a nucleophile is an electron-rich species that possesses at 
least one lone pair of electrons. It can be either a negatively charged species 
(anion) or a neutral molecule. A nucleophile can therefore be describedias a 
Lewis base, as it can donate a pair of electrons. 


An electrophile is an electron-deficient species that will acceptaypair of electrons 
from an electron donor. It can be either a positively charged species (cation) or 
neutral molecule. An electrophile can therefore be described asakewis acid. 
When a Lewis base reacts with a Lewis acid, a coordinationbond is formed. 


Consider the reaction of boron trifluoride with ammonia. Boron hastan electron 
configuration of 1s*2s? 2p! and in boron trifluoride it willform three sp hybrid 
orbitals, resulting in a trigonal planar geometry and a vacant unhybridized)2p. 
orbital (figure 10). 


MLO = OO O 


Sain a 


2pz 
aed ith 


A Figure 10 Hybridization of boron in boron trifluoride 


A Figure 11 Ammonia donates an 
electron pair to boron trifluoride, forming a 
coordination bond 


Coordination bene: aad | hybrid 
orbitals were iftoBcedi in 
Structure22. 
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The lonepair oftelectrons on the nitrogen atom in ammonia is donated to this 
vacant 2p. orbital, forming a coordination bond with the electron-deficient boron 
atom and generating a single product (figure 11). Therefore, ammonia acts as a 
nucleophile and Lewis base, and boron trifluoride acts as an electrophile and 
Lewis acid. 


Coordination bonds are covalent bonds, so they can be drawn as ordinary bonds 
or as an arrow from the source of the lone pair to the electron-deficient atom. 


Anhydrous aluminium chloride, AlCl}, is another example of a Lewis acid, as the 
central aluminium atom is electron deficient. Two aluminium chloride molecules 
ean reactwith each other to form a dimer, where the lone pairs on the chlorine 
atoms form coordination bonds with adjacent electron-deficient aluminium 
atoms (figure 12). Therefore, aluminium chloride can act as both a Lewis acid and 
a Lewis base. 


ich 
5 k Í 
a a ce ë 
ô ô 
A Stew“ g OE AAt 
| 


O S ee i E 
a Eg c E k sci 


A Figure 12 The formation of the aluminium chloride dimer, AlCl, 


Reactivity 3.4 Electron-pair sharing reactions 


Practice questions 

7. Which statements are correct? 

Lewis bases can act as nucleophiles. 
| Electrophiles are Lewis acids. 


Il Lewis acids are electron pair acceptors. 


A land llonly 
Bland Ill only 
C Iland Ill only 
DI, lland ll 


8. Which type of bond is formed when a Lewis acid reacts with a Lewis base? 
A covalent C double 


B dipole-dipole D hydrogen 


Coordination bonds and complexions 
(Reactivity 3.4.8) 


Transition elements are metals that can form ions witha partiallyfilled d-subshell. 
An example is the chromium(ll) ion with an electron configuration of [Ar] 3d4: 
Transition element cations are Lewis acids, so they can form severalh\coordination 
bonds with Lewis bases. A transition elemention bonded to several Lewis bases 
is called a complex ion. 


In the context of complex ions,the surrounding Lewis bases are called ligands. 
Ligand species are normally neutral, such as water, H2O,and ammonia, NH3, 
but can also be anions, such as the eyanide ion, CN-chlorideion, Cl-, and the 
hydroxide ion, OH~. Theyre electron-rich specieswith atleast one lone pair of 
electrons, and therefore can be considered nucleophiles. The metal cation acts 
as an electrophile, asit has a positive chargeand accepts electron pairs from 
the ligands. This relationship is summarized in figure 13, where arrows represent 
coordination ponds. 


7 electron pair A 
; electron pair ; 
nucleophile mans UEL electrophile 
. electron pair _ |transition element 
ligand — ? 
cation 


A Figure 13 All Lewis bases are nucleophiles, and all Lewis acids 
are electrophiles, and vice versa. All ligands are nucleophiles, and all 
transition element cations are electrophiles, but not vice versa 


= 
<= 
< 
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\\ Do coordination/bonds havé any 
"different properties from other 
covalent bonds? (Structure 2.2) 


Reactivity 3 What are the mechanisms of chemical change? 


OH, 2+ For example, copper(|l) ions in solution, Cu™(aq), form coordination bonds 
JOs | OH with water molecules to give the complex ion [Cu(H2O)g}**. It has octahedral 


wens geometry and is blue in colour (figure 14). 
o” | No 
2 
O 


2 


2 You can deduce the charge on a complex ion if you know the charge onthe 
transition element cation, the charges on the ligands and the numberof charged 
ligands. 


Overall charge of complex ion = (charge on transition element cation) (number 
of charged ligands x charge ona ligand) 


/ \ Worked example 2 

} Consider the equilibrium between two cobalt(II) complex ions, 
[Co(H20)¢}" and [CoCl,]”, in a solution containing chloride ions»Their 
charges are unknown. 


[Co(H,O)g}"(aq) + 4Cl-(aq) = [CoCl,]"(aq) + 6H,O()) 
pink blue 


A Figure 14 The hexaaquacopper'(l) Deduce the charges on each complex ion. 

complex ion 
Solution 
In each complex ion, the cobalt cation has a charge of 2+. Water is a neutral 
molecule,therefore the overall charge of. the complex ion with water ligands is 
the same as that of the cobalt cation: [Co(HO).]**. 


Chloride ions have a charge of 1—Parid there are four chloride ligands in the 
second complex ion. The overall)charge of the complex ion is equal to the 
sumof the charges: 


Overall charge’of complex ion = (charge on transition element cation) + 
(number of charged ligands x charge ona ligand) 


=2+4x(-1) 
The identity of the ligands also affects Se 
the colour of the complex ion. This 
was discussed insStructure,3.1. Therefore, the second complex ion is [CoCl, >. 


You can use the reverse process to deduce the charge on the transition metal 
cation, that is, you need to know the overall charge of the complex ion, and 
charge and number of the ligands: 


Charge on transition element cation = (overall charge of complex ion) — (number 
of charged ligands x charge ona ligand) 
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Reactivity 3.4 Electron-pair sharing reactions 


Worked example 3 Practice questions zr 
ee EN 5 < 
Deduce the charge on the transition element cation in the following 9. Deduce the charge on the 
complexes: no i 
metal ion in the following 
a. [Fe(OH)(H20);}* complexes: 
b. [TiFe]?- a. [Cr(H,O).}# 
; b.  [NiBryP~ 
Solution q 
c. [PCN 
a. The overall charge of the complex ion is 2+. It contains five neutral water a [rete.O),(NH,).* 
ligands, and a hydroxide ligand with a 1— charge: i z a 
P , . eL [Pd(CN).(NH3)2}* 
Charge on transition element cation = (overall charge of complex ion) — 
(number of charged ligands x charge on a ligand) 10. Deduce the total charge (n) 
on the complexion in the 
=2—1x(=1) following complexes: 
as af [Cr(H3O) F Cr 
Therefore, the metal cation is Fe**+. You can check your working*by doing b. S[Ni(OH)Bro]", Ni(ll) 


the reverse process to calculate the overall charge on the complex ion 
and checking that it equals 2+. 


a 


Fe(H O).(NH3)4!", Fe(II) 


b. The overall charge of the complex ion is 2—. It contains,six fluoride 
PdClg}", Pa(IV) 


[ 

c.  [PHCN)a(H20)2)", PRV) 
[ 

igands, each with a 1— charge: a [ 


Charge on transition element cation = (overall €harge of complex ioh) = 
number of charged ligands x charge onfa ligand) 


= (+2) - 6x (1) 
=A+ 


Therefore, the metal cation is Ti. A 
Element | Electronegativity, % 


carbon 2.6 
fluorine 40 


Nucleophilic substitution imhalogenoalkanes —— = 
(Reactivitý 8.4.9) chlorine 


bromine 3.0 
Halogenoalkanes contain a carbon=halogenibond, which is polar due to the high = 
electronegativity of the halogen atom’compared to that of carbon (table 1). iodine 2.7 
The electron-deficient carbon atomis susceptible to nucleophilic attack. A Table | Ha ogen atoms have high 
Halogénoalkanes can therefore undergo nucleophilic substitution reactions, electronegativity. and form polar bonds 
where.the halogen atom is displaced by the nucleophile. with carbon 
There are two types of mechanism that occur in nucleophilic substitution \6+ ô- 
reactions: Sql and Sy2. The mechanism that occurs depends on whether the Fa =A 


reactantis a primary, secondary or tertiary halogenoalkane. 
A Figure 15 Representation of the partial 


Sn2 reaction mechanism = within the polar carbon-halogen 
on 


Nucleophilic substitution in primary halogenoalkanes follows the Sy2 reaction 
mechanism. This mechanism is an example of a concerted reaction, which means 
that reactants are converted directly into products in a single step. Therefore, the 
Sn2 mechanism does not involve an intermediate. 


Primary, secondary and tertiary 
halogenoalkanes were defined in 
Structure 3.2. 
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Reactivity 3 What are the mechanisms of chemical change? 


Reaction order and rate equations 
are discussed in Reactivity 2.2. 


Transition states and intermediates 
are discussed in greater detail in 
Reactivity 2.2. 


Practice questions 


11. Halogenoalkanes can undergo 
nucleophilic substitution 
reactions with aqueous 
potassium hydroxide. 


a. State an equationfor the 
reaction of 1-chlorobutane, 
C,HeCl(I), with potassium 
hydroxide, KOH(aq). 


b. Using structurahformulas 
and curly arrows, draw 
the reaction mechanism 
for the conversion of 
]-chlorobutane.to 


butan-l-ol. 
nee U 
H ANNS Br 
H 


A Figure 17 The tetrahedral arrangement 
of bromoethane. The bond angle differs 
slightly from the theoretical value of 
109.5° due to the presence of two large 
substituents, CH, and Br 


The ‘2’ in S.2 means that there are two molecules involved in the rate- 
determining step (slow step). Therefore, the rate-determining step involves 
both the halogenoalkane and the nucleophile, so the rate of reaction depends 
on the concentrations of both reactants. It is described as a second order 
reaction and has the following rate equation. 


rate = k[halogenoalkanel[nucleophile] 


Consider the reaction between bromoethane, C3H;Br(|), andaqueous hydroxide 
ions, “OH(aq), which yields ethanol, C;H;OH(aq) and a bromide ion leaving 
group, Br-(aq). The mechanism is shown in figure 16) 


transition state 


A Figure 16 The Sy2 mechanism for the reaction between the primary 
halogenoalkane bromoethane and hydroxide ion 


The hydroxide nucleophile attacks the electron-deficient carbon atom, forming a 
transition state that includes'the halogen and theshydroxyl group. This transition 
state has a partially formed covalent bond between the nucleophile and the 
carbon atom, and a weakened carbon-bromine bond that has not completely 
broken. These partial bonds are represented. by dotted lines. 


A transition state is not the same as an.intermediate. A transition state exists for 
an infinitesimally small period of time and represents the structure of the reacting 
species with the highest energyalong the reaction pathway. It typically contains 
bonds that are partially broken and formed, but it does not representa discrete 
step of the reaction, as the entire reaction occurs in a single step. In contrast, an 
intermediate hassome degree of stability and does not immediately transform 
into the ultimate product, so it represents the structure of the reacting species at 
an intermediate point in a multistep reaction. 


When drawing Sn2 reaction mechanisms, pay attention to the following: 


1 ~The curly arrow from the nucleophile originates from its lone pair or negative 
charge, and terminates at the electron-deficient carbon atom. 


2 Thecurly arrow representing the halogen leaving group originates at the 
bond between the carbon and halogen atoms. This can be shown either in 
he reaction substrate or in the transition state. 


3 Partial bonds in the transition state are represented by dotted lines, 
ie., HOm-CoX 


4 The transition state is enclosed in square brackets with a single negative 
charge shown outside the brackets. 


5 Both the final product and the leaving group must be shown. 


The Sy2 mechanism is stereospecific, which means that the product formed 

will have a specific stereochemistry, rather than be a mixture of isomers. In 
halogenoalkanes, the electron-deficient carbon atom on the carbon-halogen 
bond is sp? hybridized, and therefore it has a tetrahedral geometry. For example, 
figure 17 shows the geometry of bromoethane. 


Reactivity 3.4 Electron-pair sharing reactions 


In the Sy2 reaction, the nucleophile will attack the carbon atom at 180° to the 
position of the bromine leaving group. This is because the large halogen atom 
creates steric hindrance, which prevents the nucleophile from attacking the 
carbon atom from the same side as the halogen atom. Therefore, the nucleophile 
causes an inversion of the molecule configuration, much like an umbrella turning 


= 
<= 
< 


inside out (figure 18). 
H3C CH3 
.. inversion . 
ya H mC Li MEN HG — cont Br 
Z . oe oe \. . t r . 
H H 


A Figure18 Inversion of stereochemical configuration in S2 reactions 


Sal reaction mechanism 


Tertiary halogenoalkanes undergo nucleophilic substitution in two steps. This is 
known as the Sxl mechanism. In Syl mechanisms, only one molecule is involved 

in the rate-determining step. In the first step of the Sy1 mechanism, the bond to the 
leaving group in the halogenoalkane breaks, forming an intermediate carbocation. 
This is the rate-determining step, and it only involves the halogenoalkane. Therefore, 
his is a first order reaction, and the rate equation is as follows: 


rate = k [halogenoalkane] 


For example, the reaction between 2-chloro-2-methylpropane, C,HeCl,/and 
aqueous hydroxide ions yields the product 2-methyloropan-2-ol, C4H;OĦ, and 
he chloride ion leaving group via a carboeation. intermediate (figure 19). 


CH3 CH3 CH3 
| [N-e | 7 5 
H,c—CLO—+ He JS Pe ont cr Practice questions 
L sf l 12. Halogenoalkanes can undergo 
3 3 3 are n z 
substitution reactions with 
A Figure 19 S4 Pmechanism for the reaction between a tertiary halogenoalkane sodium hydroxide solution. 


and aqueous hydroxide ion a. State an equation for 


he reaction of 2-iodo-2- 
methylbutane (C5H1) and 
1. THe curly arrow representing the halogen leaving group originates at the aOH. 

bond between the carbon andthe halogen atoms. b. 


When drawing Snl reaction mechanisms, pay/attention to the following: 


Using structural formulas 
2. The carbocation must.clearly show a positive charge on the carbon atom. and curly arrows, draw 

he reaction mechanism 
or the conversion of 
2-iodo-2-methylbutane to 
4. Both theifinal, product and the leaving group must be shown. 2-methylbutan-2-ol. 


The curly arrow from the nucleophile originates at its lone pair or negative 
charge and terminates at the positively charged carbon. 
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Reactivity 3 What are the mechanisms of chemical change? 


CH3— C+ 


A Figure 20 An arrow is used to represent 
the movement of electron density caused 
by the inductive effect 


3 2 JP 
R R R 
Il Il Il 
Ct E Cr 
YN A XS 
R' R" R' H H H 
A Figure 21 The inductive effect 


decreases from tertiary to secondary to 
primary carbocations 


Bond Bond enthalpy 
/kjmol" 
C-F 492 
CCl i 324 
C-Br 285 
C-l 228 


A Table 2 Bond enthalpies of carbon- 
halogen bonds 


n 


Bond enthalpy datå AN sedi in 
calculations i i Retiviy 12. 


ctic ic@ question 


13. In separate reaction vessels, 
samples of 2-iodopropane, 
2-chloropropane and 
2-bromopropane are added to 
an aqueoussolution of sodium 
hydroxides 


List these halogenoalkanes 
according to their reaction rates 
from highest to lowest. 


Inductive effects 


The different nucleophilic substitution mechanisms of reactions involving 
halogenoalkanes can be explained by the inductive effects of substituents. In 

the C-H bond, the carbon atom has a slightly greater electronegativity than 
hydrogen, creating a weak dipole and a slight shift of bonding electrons towards 
the carbon atom. As a result, adjacent alkyl groups stabilize the carbocationiby 
donating electron density and reducing the positive charge onthe,central carbon 
atom (figure 20). This is known as a positive inductive effect. 


When several alkyl groups are bonded to the positively‘charged carbon, their 
combined positive inductive effect increases. Therefore, a carbocation formed 
by a tertiary halogenoalkane is more stable than thatformed by a primary 
halogenoalkane. This explains why the nucleophilic substitution of a tertiary 
halogenoalkane is more likely to proceed,according to the Sy] mechanism 
(figure 21). 


The stability of carbocations formed from secondary halogenoalkanes is 
intermediate between those formed from primary and.tertiary halogenoalkanes, 
so secondary halogenoalkanes can undergo nucleophilic substitution according 
to both the Snl and Sy2.mechanisms. 


@ mwe XY) 


What differences would be expected,between the energy profiles for Sy] and 
Sn2 reactions? (Reactivity 2°2) 


| What areżthe rate equations for these Syl and Sy2 reactions? (Reactivity 2.2) 


\ How useful are mechanistic models such as Syl and S2? 
(React. 2) 


Rate of nucleophilic substitution reactions 
(Reactivity 3.4.10) 


The rate of a nucleophilic substitution reaction in halogenoalkanes is influenced 
by the identity of the halogen in the leaving group. In both Snl and Sy2 
mechanisms, the rate-determining step involves the heterolytic fission of the 
carbon-halogen bond, in which the two bonding electrons move to the more 
electronegative atom. The faster this step is completed, the higher the rate of 
reaction. 


The rate of heterolytic fission of the carbon-halogen bond depends on the strength 
of that bond, which is characterized by the bond enthalpy (table 2). The higher the 
bond enthalpy, the stronger the bond and therefore the slower the reaction. 


Fluoroalkanes are virtually inert due to the high strength of the C-F bond 

492k} mol-!). As you move down group 17, the strength of the carbon- 
halogen bond decreases as the size of the halogen atom increases and the 
electronegativity of the halogen atom decreases. Additionally, the stability of the 
halide anions also increases down the group. 


Reactivity 3.4 Electron-pair sharing reactions 


© Data-based questions 


Under certain conditions, halide ions can act as 
nucleophiles and substitute the hydroxyl groups in 
alcohols. To investigate how the position of the hydroxyl 
group affects the identity of the reaction product, a series 
of experiments were carried out. The alcohols used were 
pentan-l-ol, pentan-2-ol, pentan-3-ol and 2-methylbutan- 
2-ol. Each of these alcohols was reacted with a mixture of 
chloride and bromide nucleophiles. 


H20, H2504 
NHgCl, NH4Br 


R-OH 
1°, 2?:0r 3” 


R-Cl + R-Br 


halogenoalkanes 


Aqueous ammonium salts were used to provide chloride 
and bromide ions for the nucleophilic substitution. Equal 
amounts of ammonium chloride and ammonium bromide 
were used as reactants in each experiment. The products, 
however, did not contain equal amounts of chloroalkanes 
and bromoalkanes. The relative amounts of the products 
were determined by 'H NMR spectroscopy. 


Questions 


1. For each of the four alcohols used in the experiments, 
draw the skeletal formula and determine whether it is 
primary, secondary or tertiary. 


Identify the independent and dependent variables in 
the investigation. 


Answer this part of the question using your 
knowledge of chemistry and without looking,at the 
results in table 3./Formulate a hypothesis explaining 
which ion is thestronger nucleophileathe bromide 
ion or chloride ion. Predict how the ideas.behind 
your hypothesis will be reflected inthe amounts of 
chloroalkane and bromoalkane produced in the 
reactions.with each of the alcohols: 


Againpanswer this part of the question without 
looking at table 3, Formulate a hypothesis that 
explains which mechanism, Sy] and/or Sy2, is 
favoured for each of the alcohols used. Predict how 
the ideas behind your hypothesis will be reflected 
in the amounts of alkyl chloride and alkyl bromide 
producedhin the reactions with each of the alcohols. 


Select and construct a suitable type of graph or chart 
to represent the data in table 3. 


Describe three patterns, trends or relationships you 
see in the data. 


pentan-l-ol 


= 
I 
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Halogenoalkane 
products formed 


ercentage of 


Alcohol 
products / % 


reactant 


l-bromopentane 87 


]-chloropentane 13 


pentan-2-ol 


2-bromopentane 


2-chloropentane 


3-bromopentane 


3-chloropentane 


pentan-3-ol 


2-bromopentane 


2-chloropentane 


3-bromopentane 


3-chloropentane 


2-methylbutan- 
2-ol methylbutane 


2-bromo-2- 


2-chloro-2- 
methyllbutane 


A Table 3 Product analysis of nucleophilic substitution 
reactions.,Source of data: K. Herasymchuk, R. Raza, P. Saunders 
andN. Merbouh, J. Chem’ Ed., 2021, 98 (10), 3319-3325 


J: 


In certain solvents, such as water, bromide ions are 
better nucleophiles than chloride ions. Identify and 
explain the results that support this statement. 


Using your knowledge of nucleophilic substitution 
reaction mechanisms, identify and explain which of 
the alcohols have reacted predominantly via an: 


a. Syl mechanism 
b. Sxy2 mechanism. 


Some of the results suggest that a rearrangement 
has taken place, in which a positive charge of the 
carbocation initially formed moves to a different 
carbon atom within the molecule. Identify and 
explain the results that support this statement. 


. Considering the results, evaluate the hypotheses that 


you formulated in your answers to questions 3 and 4. 


. Formulate a conclusion to your analysis, which 


includes: 


e — the aim(s) of the investigation 


asummary of the outcomes of the investigation 
an appraisal of the hypotheses you proposed 


any unanswered questions or issues. 
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Carbon-carbon double bonds are 
electron-rich due to the presence 
of readily accessible pi (z) bonds 
either side of the bond axis. This is 
discussed in Structure 2.2 (AHL). 


G Linking question 


Why is the iodide ion a better leaving group than the chloride ion? 
(Structure 3.1) 


Electrophilic addition mechanisms 
(Reactivity 3.4.11) 


Earlier in this topic, you saw that the electron-rich carbon-carbon double bond 

in alkenes was susceptible to electrophilic attack. This type of attack leadsto 
electrophilic addition reactions. In this section, you will learn about the mechanism 
of these reactions. 


Electrophilic additionef halogens to symmetrical alkenes 


Consider the reaction between ethene gas, CH.(g), and bromine water, Br.(aq), 
discussed earlier in this chapter. One of the two carbon=carbon bonds in ethene 
breaks, and two carbon-bromine bonds are formed: 


H H 
\ | | 
C=C + B—R -A> C—H 
/ \ |od] 
H Br Br 
ethene Bromine water 1,2-dibromoethane 
(brown) (colourless) 


The bromine molecule is non-polar, so it must be polarized before it can act as an 
electrophile. The electrophilic addition proceeds via the following steps: 


1. The bromine molectle is polarized as it approaches the electron-rich 
carbon@¢arbonidouble bond of the alkene. The bonding electrons within the 
bromine molecule are repelled, resulting in an induced, temporary dipole. 


2.» Theelectron-rich C=C bond is attacked by the bromine atom with a partial 
positive charge, and the bromine molecule splits heterolytically to form a 
bromide anion. 


37 When the positively charged bromine atom forms a covalent bond with one 
of the carbon atoms, another carbon atom becomes positively charged. This 
produces a carbocation intermediate. 


4. Finally, the reaction between the unstable carbocation and the bromide 
anion results in the formation of the product, 1,2-dibromoethane. 


+ 

HC = CH, —> H»C — CH, —> H,C — CH, 

kegs ko % | | 
- Br Br Br Br 
Bry 


A Figure 22 Mechanism for the electrophilic addition of bromine to ethene 


induced 
dipole 


Reactivity 3.4 Electron-pair sharing reactions 


When drawing electrophilic addition mechanisms, pay attention to the following: 


1. The curly arrow that shows the electrophilic attack originates at the carbon- 
carbon double bond and finishes at the electron-deficient atom of the 
electrophile. 


2. The curly arrow for heterolytic fission originates at the bond being broken 
and finishes on the leaving group to give an anion. 


3. The last curly arrow originates at the lone pair of electrons or the negative 
charge on the resulting anion and finishes at the positively charged carbon 
atom, C*, in the carbocation. 


4. The structural formula of the final product must be shown. 


Electrophilic addition of hydrogen halides to 
symmetrical alkenes 


For the electrophilic addition of hydrogen halides to alkenes, the mechanism 
is similar to that for halogens. The only exception is that the halogenshydrogen 
bond is already polar, as the halogen atom is more electronegative thanithe 
hydrogen atom. 


Consider the electrophilic addition reaction between but-2-ene, C4Hg(g), and 
aqueous hydrogen bromide, HBr(aq). 


H H H 
\ / | 
C=C + H—Br —=—ALC—H K ECCh 
7 y | 
H3C CH3 Br 
but-2-ene hydrogen 2-bromobutane 
bromide 


The electrophilic addition proceeds via the following steps: 


|. The electron-rich C=C bond is attacked by the partially positive hydrogen 
atom, and the,hydrogen,bromide molecule splits*heterolytically to form a 
bromide anion. 


2. When the hydrogen atom formsia,covalent bond with one of the carbon 
atoms, another carbon atom becomes positively charged. This produces a 
carboeation intermediate. 


3. wThereaction between the unstable carbocation and the bromide anion 
results in the formation, of the product, 2-bromobutane. 


H3C CHg HC CH3 H3C CH3 
tas i | | 
= ——> H—C—C —> —H—C—H 
A ™ mirr I] 
H H H H H Br 
H br 2-bromobutane 


A Figure 23 Mechanism for the electrophilic addition of hydrogen bromide to 
but-2-ene 
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Electrophilic addition of water to symmetrical alkenes 


The third example of electrophilic addition you looked at earlier in the topic was 
the reaction between alkenes and water, in acidified solution. The mechanism 
for this reaction involves the protonation of the alkene to form the carboeation, 
followed by the addition of a water molecule and finally the loss of a proton. 


Consider the electrophilic addition reaction between hex-3-ene,.CeHh (I) and 
water in the presence of an acid. 


H H HoH 

\ A 

ETR + H—OH —> hb@H2CH~C—C—GH2EH3 
H3CH2C CH2CH3 H » 

hex-3-ene water hexan=3-ol 


The electrophilic addition proceeds viathe following steps: 


1. The C=C bond is attacked'by a proton present in the acidified reaction 
mixture, breaking oneofthe carbon-carbon bonds andsproducing a 
carbocation. In this case, theproton is acting as an electrophile. 


2. Awater molecule, acting”as a nucleophile, attacks the positively charged 
carbon atom inthe carbocation. 


3. The resulting,oxonium ion, a protonated alcohol, is strongly acidic. The 
oxonium ion deprotonates, forming the alcohol hexan-3-ol and regenerating 


the proton, 
Pachak yes PsCH2€, CH2CH3 H3CHgC CH2CH34 H3CH2C CH2CH3 
— | H26 Z H 
/ x > 12 i i a> — TX — — ‘a 
H H 
( H nF H 
H+ 


A Figure 24 Mechanismforthe electrophilic additionof water to hex-3-ene 


A proton is consumed at the beginning of the reaction, and a proton is 
regenerated at the end of the reaction, so it acts as a catalyst. 


Practice question 
14. Which of the following reactions is an example of electrophilic addition? 
A. CH3CHzCH,Cl > CH3CHCH, + HCI 
B. C3H7l+ KCN > C3H;CN + KI 
C. CH;CHCH CHCH; + Bro > CH3CH»CHsCH(Br)CH2Br 
D. CH, + Cl > CH3Cl + HCI 
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Reactivity 3.4 Electron-pair sharing reactions 


Carbocations in electrophilic addition 
reactions (Reactivity 3.4.12) 


To predict the major product of an electrophilic addition reaction involving 

an unsymmetrical alkene, we need to understand the relative stability of the 
potential carbocations produced during the reaction. You learned previously 
that the stability of a carbocation depends on the inductive effects of alkyl groups 
present in the molecule. A tertiary carbocation has greater stability than a primary 
carbocation because the positive charge density is offset by the inductive effects 
of the three alkyl substituents (figure 21). 


= 
I 
< 
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The major products of the electrophilic addition of hydrogen halides to 
unsymmetrical alkenes can be predicted using Markovnikov’s rule. 


In an unsymmetrical alkene, there are two possible carbon atoms on the carbon- 
carbon double bond that are susceptible to electrophilic attack. Markovnikov'ssfule 
states that the electropositive part of the polarized electrophile will preferentially 
bond to the carbon that has the least number of alkyl substituents. This results in a 
carbocation with the positive charge centred on the most substituteds¢arbon, so 
the major reaction product will form via the more stable carbocation. 


For example, consider the electrophilic addition reaction of hydrogen bromide 
to the unsymmetrical alkene propene. This reaction has two possibleproducts: 
2-bromopropane and 1-bromopropane. 


H fe YH H 
y ¥¢ [ aa My 
C=C + H—Br —— alh CEP and &32¢ C-H 
oOo N l | | 
niet Br Br H 
propene hydrogen 1-bromopropane 2-bromopropane 
bromide 


2-bromopropane will form via a secondary carbocation while/l-bromopropane 
will form via a primary carbocation. The secondary carbocation is more stable, so 
2-bromopropane will be the major product (figure 25), 


H CHS H CH 


HED H —> H—C—C—H 


| m | | 
we pe \ Br H Br 


CH3 
\. / secondary major 
C=C carbocation product 
a 
H 
. hs CH3 H CH3 
Aa | | | 
B —> H—=— C= CH 
BEA H Br H 
primary minor 
carbocation product 


A Figure25 The major product in this reaction is 2-bromopropane, as the 
reaction proceeds preferentially via a more stable carbocation 


Reactivity 3 What are the mechanisms of chemical change? 


Organic synthesis converts a starting material via a series of 
reactions into the desired product. Each step produces an 
intermediate product in quantities less than the theoretical 
yield, so an efficient synthetic pathway must involve the 
smallest possible number of steps. Synthetic organic 
chemists often use a method referred to as retrosynthesis. 
Starting with knowledge of the structure and properties of 
the target compound, they think “in reverse” to determine 


Thinking skills 


Summarize all the reactions from Reactivity 3 on one sheet 
of paper. Use your summary to propose a syntheti¢ route 
for each of the following: 


a. methanoicacid from bromomethane 
b. propanone from propene 


c. ethyl ethanoate from ethene, 


possible synthetic pathways to that compound. 


Electrophilic substitutton.in benzene 
(Reactivity 3.4.13) 


Benzene does not readily undergo addition reactions because of the stability of 
its six-electron aromatic ring! Instead,,it undergoes substitution reactions. The 
mechanism of electrophilic substitution in benzene can be illustrated by the 
nitration reaction. 


The structure of benzene was 
discussed in Structure 2.2 (AHL). 


The first step of benzene nitration is the formation of the nitronium ion, NO2*, 
which acts as the electrophile in this reaction. Pure nitric acid contains only traces 
of nitronium ions, but in a mixtureof sulfurieacid and nitric acid at 50°C the 
concentration of these ions increases asa result of the following reactions: 


HN@, 7 H.SO,. = HyNO;* 4HSO.- 
PRNO;* = NO% + H0 


Ig turn, the high’concentration of nitronium ions increases the rate of the nitration 
reaction, which proceeds as follows: 


1.6 The nitronium ion electrophile is attracted to the delocalized pi electrons of 
the benzene ring. 


2». Two electrons from the benzene ring are donated to the NO,* ion, so a new 
GN bond forms while a pi electron from one N-O bond in the nitronium ion 
moves onto the oxygen atom. 


———— H 


N+ 
T X 
( Q==N=O0 oi No 


The addition of the nitronium ion to benzene breaks the aromaticity of the 

ring. This is depicted by the incomplete dashed circle in the ring, which also 
represents the delocalization of the positive charge. Breaking of the very stable 
aromatic ring in benzene requires energy, so this process is the rate-determining 
step of the reaction. 
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Reactivity 3.4 Electron-pair sharing reactions 


Water then acts as a base, deprotonating the carbocation intermediate and 
restoring the aromaticity of the benzene ring, which gives the final product, 
nitrobenzene. 


HON — HQ? 
[OH 
NO2 NO» 


When drawing the mechanism for an electrophilic substitution reaction involving 
benzene, pay attention to the following: 


1. 


Loe 


How ar@arrows used as symbols in other areas of knowledge? 


The curly arrow representing the electrophilic attack originates at the ring of 
delocalized electrons in benzene and terminates at the positive charge on 
the electrophile. 


The structure of the carbocation must show an incomplete dashed circle and 
a positive charge on the ring. 


The curly arrow representing the hydrogen ion leaving originates atthe bond 
between the carbon and hydrogen atoms and terminates at the‘benzene ring 
cation. 


The last curly arrow originates at a lone electron pair of water and terminates 
at the hydrogen ion leaving. 


The structural formula of the substituted benzene must bershown along with 
the released hydrogen ion, H*, or hydroniumion;,H30*. 


TOK 


Arrows have many uses in chemistry. Arrows often represent transformations, 
and chemistry focuses on the transformations of matter. Arrows can also 
signify movement or imbalance. There are several types of arrows, each with 
its own specific meaning: 


transformation’of reactants into produets 
movement of a single electron 
moyement ofan electron pair 

reversible reaction 

resonance structures 

coordination bond 

bond dipole 


——EE 
= 


— + 


Practice questions 


' 15. Benzene is an aromatic 
hydrocarbon. 


a. State the typical reactions 
that benzene and 
cyclohexene will undergo 
with bromine. 


b. Explain the mechanism for 
the nitration of benzene, 
using curly arrows to 
show the movement of 
electron pairs. 


G Linking questions 


What are the features of benzene, 
CgHe, that make it not prone 

to undergo addition reactions, 
despite being highly unsaturated? 
(Structure 2.2) 


Nitration of benzene uses a 
mixture of concentrated nitric and 
sulfuric acids to generate a strong 
electrophile, NO2*. How can the 
acid/base behaviour of HNO; 

in this mixture be described? 
(Reactivity 3.1) 
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Reactivity 3 What are the mechanisms of chemical change? 


End of topic questions 


P Bae? A a 
Topic review 5. Which is an example of a Lewis base? = 
A. anelectrophile < 
1. Using your knowledge from the Reactivity 3.4 topic, B. BF 
answer the guiding question as fully as possible: € a 
What happens when reactants share their electron pairs i A . 
i D. a nucleophile 
with others? 
Exa m-style questions 6. Which attacking species is matched.with its mechanism 
: é a of reaction? 
Multiple-choice questions 
2. Identify and explain why one of the following species OH electrophili¢ substitution | 
cannot act as a nucleophile. 3 nucleophilic addition 
A. H B. g nucleophiligaddition 
l X= SO N MINO | electrophilic substitution | 
He DA 
7. Which bromoalkane is most likely'to hydrolyse via a Syl 
mechanism? 
iS D 
Mi | | A. wCH3CHBrCH3;CH3 
C= Mu e B. (CH3),CHBr 
\ ese C. (CH,)CBr 
Da CHgCH2CGH2CH2Br 
3. Ethene, C,H,, reacts with steam in the presence ofa Extended@response questions 
strong acid. 8. Organie chemistry can be used to synthesize a variety of 
C2H4 + H:O > C,HsOH a 
. . ; a. Draw the structure of the final product for reaction 
What is the name of this type of reaction? bawen WE nre T Ewa E 1] 
A. Nucleophilic substitution b. Sketch the mechanism for the reaction of = 
B. Neutralization 2-methylbut-2-ene with hydrogen bromide using < 
C. Condensation curly arrows. 3 
D. Electrophilic addition c. Explain why the major organic product of the 
E A à reaction in part (b) is 2-bromo-2-methylbutane and 
z 4. Which statement is correct? not 2-bromo-3-methylbutane. 2 
< A. Electrophilēs are Bronsted-Lowry acids. 
B. Nucleophiles are Brahsted—Llowry acids. 9. Chlorine, Cla, undergoes many reactions. 
C. Eleetrophiles are Lewis acids a. State the type of reaction occurring when ethane 
D. Nucleophilesare Lewisacids. reacts with chlorine to produce chloroethane. ] 
b. Predict, giving areason, whether ethane or 
chloroethane is more reactive. ] 


chloroethane and aqueous sodium hydroxide, 
NaOH{(aq), using curly arrows to represent the 
movement of electron pairs. [3] 


c. Explain the mechanism of the reaction between 
< 
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Reactivity 3.4 Electron-pair sharing reactions 


10. Propene, C3He, is an important starting material for 11. Benzene nitration occurs when benzene reacts with the = 
many products. nitronium ion, NO,*. zx 
a. Consider the conversion of propene to a a. Write the equation for the production of the nitronium 

halogenoalkane with the general formula C3H7Cl. ion from concentrated sulfuric and nitric aeids. 0] 
i. State the type of reaction. [1] b. Explain the mechanism for the nitration of benzene, 
ii. State the IUPAC name of the major product. [1] using curly arrows to indicate the movementof 
iii. Outline why it is the major product. fl] electron pairs. [4] 
iv. Write an equation for the reaction of the major 12. But-l-ene is an unsymmetricalalkeme that can undergo a 
halogenoalkane product with aqueous sodium series of reactions to form affalcohol: 
hydroxide to produce a compound with the a. But-l-ene canaíndergo an electrophilic addition 
general formula CsH,0. 0] reaction with hydrogen iodide. Deducefthe two 
b. For the reaction between the major halogenoalkane possible products of this reaction. [2] 
product and aqueous sodium hydroxide, an b. Explain which compound is the major product for 


experiment was carried out to determine the 
relationship between the rate of reaction and the 
concentration of the halogenoalkane. The following 
results were obtained. 


the reaction. [2] 
ce) Drawand explain themechanismifor the reaction 
using Curly arrows. [4] 
d.* The major product Catol can undergo a 
nucleophilic substitution reaction with aqueous 
potassium hydroxide. Draw and explain the 
mechanism forthe reaction using curly arrows. [3] 


rate 


[halogenoalkane] 


i. State the order of the reaction with respect to 
the halogenoalkane. [1] 

ii. Under certain conditions, the reaction rate is 
independent of the concentration of hydroxide 
ions. Deduce whether the reaction mé¢hanism 
is Syl or Sy2. Explain your answer. [2] 

iii. Sketchthe reaetion mechanism, using Curly 
arrows torepresent the movement of 
electron pairs. [4] 
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Exam-style questions 


Cross topic exam-style questions 


DP exam questions may be topic-specific or refer to content from across different topics. These questions 
explore the links between various concepts, as well as aspects of NOS and the skills in the study of chemistry. 


Below, three exam-style questions have been annotated to show their links to different parts of the coursew#Next 
time you do an exam-style question, try to link it to the various course topics, NOS and skills as shown below. 


The enhanced greenhouse effect and ozone-layer depletion are two separate atmospherie problems. 


Nitrous oxide, NO, and carbon dioxide, COz, are greenhouse gases. Chlorofluorocarbons (CFGs)are 
also greenhouse gases, but they are primarily known for their ozone-depleting properties. 


Question 1 


a. Nitrous oxide, N,O, is a greenhouse gas. 


i. Draw a possible Lewis formula of NO, nitrous oxide. (Zhe Structure 2.2 Lewis formulas 
ii. State and explain the molecular geometry of nitrous‘oxide. Aé Structure 2.2 VSEPR 

iii. Explain why nitrous oxide is IR active: [21 Structure 3.2 IR spectroscopy 
iv. Deduce the formal charge of each of the atoms in nitrous oxide. ne Structure 2.2 AHL 


Formal charge 


b. Carbon dioxide is a greenhouse gas. Animage of a molecular model of 
carbon dioxide is shown below: 


fox one strengthhand onelimitation of this model's 
representation of the bonding in carbon dioxide molecules. [2]|}€ NOS — models 
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Question 2 


a. Carbon dioxide is produced in the complete combustion of organic compounds such as alcohols. 


[ i. State the balanced equation for the combustion of propan-l-ol. [1] |}€ Reactivity 1 a paos 


ii. Determine the molar enthalpy of combustion of propan-l-ol from 
bond enthalpy data. 


iii. Explain why the value you obtained above differs from the standard 
enthalpy of combustion of propan-l-ol, which is -2021k} mol". 


b. A student determines the enthalpy of combustion of propan-l-ol by calorimetry 
using the apparatus shown below: 


thermometer 


experimental m segs by the student, identifying 
SS easurements: [3]|€ Tool 1: Experimental 


é ; ' techniques — calorimetry 
nt’s experiment alpy of combustion of propan-l-ol was 
e the percentage error. fl 


€ Tool 3: Mathematical 
skills — percentage 


he sign of the entropy change for the error = 
combustion -l-ol n] < 
iv. The ropies of propan-l-ol and oxygen are 193 JK! mol! 
a O. mol", respectively. Further standard entropy values are Ae 
n section 13 of the data booklet. Using these data, determine the Aa te 
standard entropy change for the combustion of propan-1-ol, d n PE it 
Am and spontaneity 


etermine the Gibbs energy for the combustion of propan-l-ol at 298 K. 
Give your answer in kj mol. [2] 
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Question 3 


Ozone is a gas found in the upper atmosphere which absorbs harmful UV radiation from the Sun. 
The following mechanism has been proposed to describe the depletion of ozone: 


Step] O3,+Cle > CIO. +O, 


Step2 CIO. +O; > Cle +20, 


a. A student describes Cle as a “chloride anion”. Outline the student's mistake 
and suggest the correct term. 121| € Reactivity 3.3 Radicals 


= 
<= 
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b. Identify, giving a reason, the species in the mechanism that is a catalyst. mle Reactivity 2.2 Catalysts 


c. The rate equation for the reaction is found to be rate = k[O,][Cle]. Identify, 
giving areason, which step in the mechanism is likely to be the rate 
determining step. 1 


€ Reactivity 2.2 AHL 


Rate equations 
d. Chlorofluorocarbons (CFCs) such as CFC, are sources of Cle When exposed g 


to certain wavelengths of electromagnetic radiation. Complete the diagram 
below to show the formation of a Cle species from a CF2Cl, molecule. 
Include fish-hook arrows and the structural formula of the missing species. [2] € Reactivity 3.3 Electron 
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F sharing reactions 


| hf ; 
cl-C—C hk a 


F 


e. CFCs are ozone-depletingisubstances usedasrefrigeránts. Hydrofluoroolefins, 
HFOs, are unsaturated, organic compounds with the potential to replace CFCs 
in their applicationias refrigerants. Since HFOs are more reactive than CFCs, they 
decompose faster and have shorter lifetimes in the atmosphere. An example of a HFO 
is 2,3,3,3+tetrafluoropropene. 


i. Draw the skelétal structure of 2,3 ,3,3-tetrafluoropropene. [2]|€ Structure 3.2 
p Suggest why HFOSare more reactive than CFCs. n] Repiesenanon ot 
organic compounds 


A 
Reactivity 3.4 
Reactivity of alkenes 


Introduction 


This section clarifies the learning-through-inquiry approach you will use 
during the DP chemistry course. It will help you to develop the skills in 

Tool 1: Experimental techniques, Tool 2: Technology and Too! 3: Mathematics 
during lessons, experiments, the collaborative sciences project, and the 
internal assessment (IA). 


Figure 1 shows how the skills detailed in the Tools for chemistry chapter can 


support the inquiry process. 
Background Research Hypothesis 
research question and prediction. 
Improvement Identifying 
and extensions variables 
Evaluating A (pede 
methodology. techniques 
Evaluating Evaluating ( a J 
hypotheses Chemo 
( Controlling ) 
( Systematic and variables 
random error Wee 
errors 
ake : 
: ( Risk ) 
in results 
assessment 
Percentage Working J 
error safely 
Identifyi d 
Reliability ( uy st i 
W. collect data 
and validity 
Accuracy 
and precision 


(Uncertainties ) 
( Use of ] 
sensors 
Trends and 
patterns 
oe ( í 3 
ee Graphin 
( graphs ea) (catculaion ) BE 


Concluding 


Uncertainty 
propagation 
outliers 


A Figure 1 The inquiry cycle with examples of supporting skills 


The inquiry process 


The skills in the approaches to learning (ATL) framework support learning. They 
are grouped into five categories: thinking skills, communication skills, social 
skills, research skills and self-management skills. Where do ATL skills fit into the 
process and tools shown in figure 1? 


Theory of knowledge 


You will notice that the inquiry process is cyclical: inquiry outcomes feed 
into further cycles of inquiry. The continuous expansion of science as a body 
of knowledge relies on this cycle. Scientists usework done previously (by 
themselves or others) as starting points for their research. 


Who owns scientific knowledge? What rights and responsibilities come with 
owning scientific knowledge? 


An inquiry may start in different ways. You may want to;gordeeper into one or 
more of the subtopics coverediin class» Alternatively, you may have a hobby and 
want to learn more about its«chemistry, such as the materials chemistry used to 
make equipment for your favourite sport, or the chemicalreactions involved in 
cooking. There also might be.a local environmental issue that can be examined 
using chemistry. Inthe next section, you willconsider one case study that will 
help you go through the inquiry cycle anchidentify the skills required to find 
answers to your questions. 


Case study 1: Ocean acidification 


The concentration of atmospheric carbon dioxide produced by burning fossil 
fuelsyhas increased dramatically in recent times. Since the 1980s, it is estimated 
that oceans havélabsorbed over 25% of all anthropogenic carbon dioxide. As 
carbon dioxide dissolves in seawater, it forms carbonic acid, H,CO,, a weak acid 
that dissociates into hydrogencarbonate ions, HCO,,, and hydrogen ions, H*. A 
higher concentration of H* ions increases ocean acidity, resulting ina decrease 
in pH. 


An inquify might involve testing this hypothesis, but first you need to understand 
the. chemistry behind the theory and find reliable information to support it. You 
may want to create a list of preliminary questions to form the basis of your inquiry 
such as: 


e Whatis ocean acidification? 
* — Is this a local ora global issue? 


e Which evidence supports the statement above? 


The inquiry process 


The next step is to do research using reliable sources that provide evidence 
supporting the claim that increased carbon dioxide emissions has contributed 
to ocean acidification. For this purpose, you could use journal articles or 
government data. Figure 2 shows the change in pH of the sea surface from 1700 


to 1990, according to the data from the Global Ocean Data Analysis Project 
(GLODAP). = 


-0.12 


A Figure 2 The change in esea surfacg from 
The map shows thatthe decrease extent in regions close to 


-0. 
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The inquiry process 


Hydrochloric 
acid 


Calcium 
carbonate 


You can also check the effect of exposure to carbon dioxide on water pH 
experimentally. For example, you could set up the experimental apparatus 
shown in figure 3. 


Carbon dioxide 
collected 


Water 


A Figure 3, Experimental apparatus to collect carbon dioxide 


A testtube containing calcium/carbonate is;connected with a tube to a vessel 
containinga measured volume of deionized water. The initial pH of the water 

is measured. Hydrochloric acidtis added to the test tube containing calcium 
carbonate, and the carbon dioxide produced in the reaction will be released 
into the water. You can then record the new pH value. If you change the 
temperature of thewater, you can establish whether there is a correlation 
between temperatureand pH. You can use this data to support your hypothesis 
that temperature will affect the pH of the water based on the data in figure 2. 


You have considered in Tool 1: Experimental techniques that not all experiments 
will yield reliable results. You must critically analyse your experiment: what 
external factors may affect your results and need to be controlled? Before any 
experiment, no matter how simple, you should list the variables affecting your 
results and select instruments with adequate sizes and precisions. 


The following are some relevant points to consider: 

. ow many trials will you do? 

. ow will you measure the volume of water? 

e ow will you weigh the sample of calcium carbonate? How much will you 
use? 


e What concentration of hydrochloric acid will you use? 


e Will the container of water be open or closed to the surroundings? 


e ow much time will be required for the reaction to occur? How will you 
now when the reaction has ended? 


e ow can you ensure that the carbon dioxide dissolves in the water? 


e ow will you record the pH of the water? 
e What uncertainties are there in your measurements? 


You should enter the data you record in a table and produce a graph of your 
results. Then, interpret the graph (Too! 3: Mathematics). Once youhave 
completed the experiment, you should think how you can improve the 
procedure, or any follow-up experiments you may wantito do based on your 
results. 


You may want to consider extensions to your inquiry. While doing your research, 
you are likely to have found that other gases affect thepH of surface ocean 
water: sulfur oxides, nitrogen oxides. and ammonia. Doing more research, 

you will find that their impact is significant in coastal areas. Ocean acidification 
reduces the availability of calcium carbonate for coral reefs and shell- 

forming marine organisms to build their shells and skeletons. Increased acid 
concentration also disrupts the equilibrium reactions thatoccur in the ocean, 
shifting the positions of equilibria. All these inquirylineés.will initiate a new inquiry 
cycle. 


We will now examinethe individual steps of the inquiry cycle in figure 1. 


The inquiry process 


Exploring, designing and 
controlling variables 


In the exploring step of the inquiry cycle, you should consider the following: 


e Find atopic that interests you. Find information that helps you totanswer 
your question and use critical thinking to interpret thedata. 


e There are many sources for your background reading»and you must carefully 
select those that are helpful and reliable: 


e Produce questions that will help you find the answers you need. Formulating 
a hypothesis will be helpful and you should make predictionsusing the 
knowledge acquired during the course. 


nthe designing step, you should consider the following: 


e Carry out a practical experiment;or use databases, simulations or molecular 
modelling. 


e — Check that your method will allow yourto answer your questions. 


e Identify the independent and dependent variables and the variables you 
should control. 


* Doyou need to identify the limiting reactant? 


* ~~ For the independent variables, you must consider the range you investigate 
and the number of measurements you take. 


e Could the storage of the samples affect your results? 


e Write the method»with enough detail to be able to reproduce it, improve it 
and.beable tojustify why it is suitable. 


* . Yourfirst experiment will always be a pilot that will help you detect areas of 
improvement. 


Imthecontrolling variables step, you should consider the following: 
* Do you need to calibrate the instrument you are using? 
e Which instruments are most suitable in terms of their sizes and precision? 


e Keep environmental conditions stable or monitor them if you are unable to 
control them (such as temperature, pressure and humidity). 


e — Check if you need to insulate containers to prevent heat loss or gain. 


Case study 2: The pH scale 


At times your inquiry may be based on the content you are familiar with, but 

now that you have a better understanding of chemistry, it may look puzzling. 

For example, the pH scale is defined as values between O and 14. You have 
accepted this range as that was how it was covered in all previous courses. But 
have you ever considered whether it is correct? In your initial research, you might 


find out that commercially available concentrated hydrochloric acid has a pH of 
-1.1, while saturated sodium hydroxide solution has a pH of 15.0. 


There are naturally occurring examples as well. Hot springs near Ebeko volcano, 
Russia, contain naturally occurring hydrochloric and sulfuric acids, and have 
estimated pH values as low as -1.7. Extremely acidic mine waters with pH values 
as low as -3.6 have been encountered underground in the Iron Mountain Mine 
in the US. These are the most acidic waters currently known. 


When finding this information, your next step would be to check the conditions 
under which these results were obtained. At times, you will find it difficult to 
reproduce them in the school laboratory. For example, it is unusual to find buffers 
to calibrate your pH probe at the necessary pH values or you would need special 
probes. You also need to carefully assess the safety risks of an experiment before 
attempting it, as highly acidic substances are extremely corrosive. 


However, some simple experiments may provide initial answers. You could 
prepare samples with increasing acid concentration and observe the correlation 
between pH values calculated as [H*] concentration and the experimentally 
determined value. This will suggest that DP chemistry is using a simplified 
approach, as the measured values will deviate from the calculated values. You 
can then possibly start to consider molecular interactions and.suggest an initial 
hypothesis to explain the deviation. You could also propose anew definition 

of pH that does not involve [H+]. It also worth noting that pH meters can be 
unreliable, which may also contribute to the deviation. Therefore, you should 
consider whether you have enough evidence to support your hypothesis. 


Case study 3: The effect of temperature on 
equilibrium 


Equilibrium is open to many investigations, For example, youumay be interested 
in investigating the effectof changes in temperature on the equilibrium constant, 
K, of the following reaction: 


Fe?*(aq) + SCN (aq) = [FeSCN}**(aq) 


After some research, you will find that colorimetrywis.a suitable technique to 
investigate this: The.experiment would involve preparing standard solutions 

by serial dilution, producing a calibration curve, and then determining the 
maximum absorbance wavelength (Tool 1; Experimental techniques). Due to 
time constraints; you may need to carry out different parts of the investigation on 
different.days. 


Here are some of the:challenges you may face in designing the experiment and 
controlling variables: 


* Typical instruments in schools only provide reliable data to absorbances up 
tol. 


e The optimum wavelength should be determined. 


e The complex ion [FeSCN]?* decomposes on standing, so the absorbance 
values recorded for the solutions prepared more than 1 hour ago will be 
unreliable. 


e The temperature of the solutions will change when they are poured into the 
cuvette, which will affect the values recorded with the instrument. 


The inquiry process 


You will need to use your 
mathematics skills to make 
calculations, and consider and 
process uncertainties (Too! 3: 
Mathematics). 


Before you begin any experiment, 
you must identify the risks involved 
and the ways to minimize these 
risks. You should consider any 
ethical issues involved and learn 
how to dispose of any chemicals 
responsibly. Use the principles of 
green chemistry whenever possible 
(Tool 1: Experimental techniques). 


Collecting data, processing data 
and interpreting results 


In the collecting data step of the inquiry cycle, you should consider.the 
following: 


Identify and record relevant qualitative observations. Do not present 
inferences; these are not raw data. 


Collect and record sufficient relevant quantitative data such that your final 
results are concordant and you have enough information to support your 
initial hypothesis. 


Report the uncertainties of the instruments and report all associated data. 


Identify and address issues that arise during data collection. 


In the processing data step, you should consider the following: 


Can you identify any outliers? If yes, whatwill you do with those? 
Choose a suitable method for presenting your data. 


Processing thationly involves averaging and a,bar graph could be an initial 
step; but you will rarely get.useful results with such a simple processing. 


In the interpreting results step, you should consider the following: 


. 


nterpret both qualitative and quantitative data. 


How can you interpret diagrams, graphs and charts? Qualitative 
interpretationsonly provide limited answers. 


f youproduced a line or curve of best fit and/or an equation for your 
graph(s), use it to interpret the trend and correlation. 


Use your knowledge obtained in the DP chemistry course to support your 
indings. Justify the removal of any outliers. Do not exaggerate your findings. 


Consider whether more experiments are needed to support your findings. 


ow have errors affected your results? Are they systematic or random? 


ow would you minimize these errors if you were to repeat the experiment? 


The inquiry process 


Case study 4: Caffeine in painkillers 


You may be interested in establishing which painkillers include caffeine as 


acomponent. You can use this experiment to develop skills in thin-layer 
chromatography (TLC). You could work with different samples containing aspirin, Gey 
ibuprofen, paracetamol, and a caffeine standard. In the experiment, the samples 
are dissolved in a suitable solvent and the TLC chamber is prepared in the fume Ga 
cupboard. The chamber is covered with a lid and then the plates are loaded 
(figure 4). ae 
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The inquiry process 


Figure 5 shows some possible results for this experiment. You will be unable to 
reach a valid conclusion if the chromatograms are of poor quality. Identifying the 
cause of the problems will enable you to fix them in future experiments (table 1). 
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A Figure 5 TLC plates for different painkillers 


The inquiry process 


A: Curved or skewed solvent Plate touching side of Place plate in middle of container 
front with spots out of lane container N 
Ensure that plate is level when 
Plate not lowered level into owering into eluent 
eluen 
B: Streaks, not spots Too much sample Dilute sample solution Di 
C: Many blue spots/stripes Origin marked in pen Only use pencil on TLC plates 
D: No spots on plate Sample too dilute Remake sample/spot several 
imes 
Wrong visualization used Use alternative visualization 
E: Crescent-shaped ‘spot’ Silica disturbed during Be gentle when spotting sample 
spotting 
F: Spot(s) smeared out Acidic/basic groups present in Use an additive in the 
compound solvent, such as ammonia or 
methanoic acid 


A Table 1 Suggested improvements to the experiment based on the results in figure’5 


Case study 5: Antioxidant effects of vitamin 'C 


When considering a topic, try to go for something,new and different. For 
example, there are many studies on the degradation/of vitamin C.with 
temperature, light and exposure to air. Youmightwant to investigate its 
antioxidant effects instead. 


For example, you could investigate how temperature affects.the nonenzymatic 
antioxidant activity of vitamin C in oranges. After carefulresearch, you might find 
that the ferric reducing antioxidant power (FRAP) test is an effective way to find 
an answer. However, oranges contain phenolic compounds and carotenoids, 
which are also antioxidants. The FRAP test provides. results on all the antioxidants 
in oranges and notjust vitamin C, so this experimental design will not give 
accurate results for the antioxidant activity of vitamin C. However, you could 
changethe dependent variable to theitotal antioxidant activity. 


Check time.constraints when deciding ona method. For example, the reagent 
in this experiment will need to be freshly prepared: will you have enough time to 
do this? 


Concluding and evaluating 


In the concluding step of the inquiry cycle, you should consider the following: 


e — Interpret your processed data and produce an analysis to draw.and)justify 
your conclusions. Do they answer your initial question? What about your 
hypothesis or prediction? 


e Compare your results to the accepted scientifiercontext, that is, check 
whether your results are supported by yourtheoretical knowledge of 
science from the DP chemistry topics and your background research»and 
compare your data to results from existing research. 


e How have errors affected your results? 


n the evaluating step of the'inquiry cycle, you should consider the following: 
e Did your results supportyour hypothesis? 


e Which errors have affected your results? Have you found R?? Were the 
values you obtainedaligned with the line of best fit? Do you have any 
y-intercept that could result from a systematic error? Do you have a reference 
value thatyyoumay use to establish % difference? 


* (Have you identified any weaknesses inyyour methodology? 
* Did you make any assumptions that were not correct? 


e Which improvements can you make to obtain more reliable results if you 
repeat the experiment? 


Case study.6: Enthalpy of solution for metal chlorides 


A student wants to investigate how the ionic radii of various metals affect 

the enthalpy of solution of their chlorides. After three trials of recording the 
temperature change when different masses of each salt are added to water, the 
student averages the temperature change for each salt and then calculates the 
enthalpy of the solution. The student compares their results with enthalpy of 
hydration data for these metal chlorides from a database, and concludes that 
the enthalpy of solution results from both the lattice enthalpy and the enthalpy of 
hydration. However, they do not report the data for lattice enthalpy. 


The student has made a common mistake. The calculation of enthalpy should 

be done for each individual trial rather than the average temperature change. 
This approach would allow an evaluation of the range of results. The student also 
needs to include data for the lattice enthalpy of the metal chlorides to support 
their conclusion. 


Case study 7: Solubility of potassium bitartrate 


A student wants to determine how the solubility product constant, Ky of 
potassium bitartrate is affected by temperature. The experimental method 
involves using a water bath and adding the potassium bitartrate until it stops 
dissolving. Then, the solution is filtered and titrated three times with sodium 
hydroxide, NaOH(aq), using phenolphthalein as an indicator. The overall 
percentage error in the results is calculated to be 26%, with 20% resulting from 
the titration stage. When evaluating, the student notes that more trials would 
improve the reliability of the results and that controlling the temperature of 
the solution is difficult using the water bath. The student also notes that some 
potassium bitartrate will precipitate as the temperature decreases during the 
titration. 


Three trials are acceptable in school investigations but having more tests will 
always reduce random errors. The student fails to note that the temperature 
would have decreased during filtering as well as the titration. The student has 
also missed that potassium bitartrate can react with sodium hydroxide even 
when solid. Some techniques may result in very high error, such as calorimetry, 
but 20% is too high for titrations. 


Summary 


Inquiry cycles can be short or involve continuous research over a lifetime. The 
more skills you develop, the better the quality of your inquiry will be. They will 
help you to: 


e ask relevant questions 
e take action to answer them 
* collect useful data andfind different ways to process them 


e — reflect on your acquired knowledge and help you move forward in 
whichever field.you plan.to work in. 


Once you have.completed many inquiry cycles, you will be ready to engage 
meaningfully with the internal assessment (IA): 


The inquiry process 


Introduction 


The internal assessment (IA) is an opportunity to apply the skills and toolsyou 
have learned during the DP chemistry course. In yourlA, you are expected 
to spend ten hours carrying out a scientific investigation to produce a written 
report. The maximum word count of the’report is 3000 words, but this word 
count does not include charts, diagrams, equations, formulas, calculations, 
tables, references, bibliography, or headers. 


The IA is an inquiry process. Collaboration between up to three students is 
allowed, and your group»must be established before the scientific investigation 
begins. Even if you collaborate’in your IA, you must ensure that you produce an 
individual and unique research question or title. 


The IA is assessed by four criteria, each worth six points and 25% of your final 
mark (tablé 1). 


Research design 6 25% 
Data analysis 6 25% 
Conclusion 6 25% 
Evaluation 6 25% 


A Table 1 Assessment criteria for the IA 


Any source used in your scientific investigation should be properly cited as 
required by the IB's academic integrity policy. However, correct citation is not 
assessed by the criteria in table 1. 


In the research design for your scientific investigation, you are required to 
e produce a focused research question or title 

e identify the best methodology to answer it 

e clearly detail the steps of the chosen methodology 


e carry out sufficient research to meet the requirements of each step and be 
able to justify every decision taken. 


Research design 


The research question should provide specific and appropriate context for your 
investigation. In your methodological considerations, you should describe how 
the chosen data collection methods allow you to answer the research question. 
The methodology used should be realistic in terms of the time and resources 
available. It must also be possible to effectively control variables that impact your 
results. You should present the description of the methodology clearly such that 
it could be easily reproduced. 


You should also make sure that your overall research design allows you to 
explore the skills detailed in the inquiry process. Two different investigations will 
rarely follow the same path, but some of the following steps may be involved in 
developing your research design: 


Choose subtopic 


Choose topic Carry out research 


Develop draft researeh question Carry out research 


Considerations 


e Research methods 
e Potential challenges 


Decide on yourmethodology 


e Instruments and reagents required 

e Safety, ethical and environmental issues 
e Sampling 

e Storage of samples 


Optimize methoddlogy 
and/oPupdate 
fesearch question 
as required 


Carry out pilot experiment 


Check whether reliable results may be 
collected, both qualitative and quantitative 


Interpret results 


A Figure 1 Possible steps in developing your research design 


The internal assessment 


When you are developing your research design, you may find that your chosen 
methodology does not allow you to collect enough data to answer your research 
question. In this case, you must ask yourself what makes more sense: changing 
the methodology or changing the research question. The case studies/below 
give examples of possible research designs and how they link to the inquiry 
process. 


Case study 1 (Inquiry 1: Exploring) 


A student wants to devise a research design to investigate how the calcium 
content of kale changes as it is cooked in water. They. suggest the followingidraft 
research question: “What is the effect of temperature changes when cooking 
vegetables?” 


This question outlines possible independent and dependent variables for the 
investigation. However, the question lacks specificity: there are infinite ranges of 
temperature and many typesiof vegetables. Readers of the scientific report will 
not understand the purpose ofthe investigation with limitedinformation. 


The concentration ofcalcium ions could be measured in the vegetables or 

the water where they werecooked. Several methods are suitable for a school 
laboratory. Critical thinking and research skills should be used to determine 
which is most effective method. Considering a vegetable of local relevance and 
the range oftemperatures typically used indocal recipes would also improve the 
research question. The research question also fails to outline the methodology 
used, and there are many suitablettechniques. 


Amore specific research question would be: “What is the effect of temperature 
(35, 45, 55, 65, 75, 85°C)'6n the calcium concentration in kale as determined 
by the titration with EDTA of the water used for cooking it? 


Case study 2 (Inquiry 1: Exploring, Designing, 
Controlling variables) 


A student wants to investigate the effect of citric acid concentration on the 
antioxidative action of ginger tea. The student decides to measure the change in 
otal phenolic content using an antioxidant assay and colorimetry. The research 
design requires context, to explain the antioxidant properties of ginger extract 
and how citric acid enhances these properties. 


atural products are challenging because the results may be affected by 
he agricultural practices used to farm the ginger, such as soil composition, 
storage conditions and moisture content, so these factors must be considered. 
Performing an extraction will also require several decisions regarding the 
experimental conditions, such as choice of solvent, pH if aqueous, exposure 
ime and temperature. 


n developing the research design, the student encounters the following 
challenges: 


* The student decides to use the 2,2-diphenyl-l-picrylhydrazy| (DPPH)assay 
o test for the phenolic content in the ginger tea, and finds it in the school 
stock room. However, when doing further research, the studentrealizes 
hat DPPH is not soluble in water. Therefore, the assay is not suitable for the 
analysis of tea solutions. 


e The student conducts further research and finds outthat the Prussian blue 
assay uses water-soluble reagents. The phenolic compounds in ginger tea 
will reduce the Fe(CN),* ions in Prussian/blue to Fe(CN), ions, which will 
react with ironiIIl) ions to give Fe,l(CN);],. The'colour of Fe,[(CN),], is blue, 
and the intensity of this colour will dependon the antioxidative properties of 
the ginger tea. The intensity of colourcan‘be measured by colorimetry. 


The student needs to,produce a calibra 
use of gallic acid as oneof the reagents 
take at least three readingsvand use a bl 


ion curve, Which willrequire the 
. The student also,remembers to 
ank to make this curve. The student 


monitors the temperature, as this will affect the absorbance. 


When describing the methodology, the student details the Prussian blue test, 


and 
rese 


provides a brief explanation of Beer's la 
arch design. The student also includes 


w, both of which add value to the 
he chemical reactions that occur in 


the test for phenolic content using balanced equations with state symbols. 


The internal assessment 


The skills required for conducting 
a titration are discussed in Too! 1: 
Experimental techniques in. the 
Tools for chemistry chapters 


The internal assessment 


Case study 3 (Inquiry 1: Designing, Controlling 
variables) 


A student wants to investigate how the cooking time affects the concentration 
of oxalic acid in the spinach. The student outlines their methodology as follows: 
they will determine the concentration of oxalic acid in the cooking water at 
different times by titrating it with potassium manganate(VIl), KMnoO.,,. 


Several control variables need to be considered for this investigation, such as 
the mass of the spinach, the volume of water, therange of cooking times, and 
the source and storage of the spinach sample: The followingyaspects of the 
methodology also need to be considered: 


* Should the leaves, the stem or all the spinach be used? 


e Which type of spinach should betused? The concentration of oxalic’acid in 
spinach will vary significantly between different varieties. This information is 
required to prepare a suitable concentration of the titrant. 


e Which range of temperatures is reasonable within,the context of the 
investigation? For example, oxalic acid will,decompose if the solution 
is boiling. Which intervals will provide sufficient and reliable data? For 
example, figure)2 shows a clear line of best fit with the equation included 
and a high value of R?. 


* Should the spinach be blended in afood processor first? How long should 
the sample be blended for? Howican the surface area of the spinach sample 
be kept consistent? 


e Howwill the potassium manganate(VIl) solution be prepared? What is 
asuitable concentration. for the solution? The student could run a pilot 
experiment with a concentration based on their research. The concentration 
used can be optimized for future experiments based on the results. For 
instance, the titrant volumes recorded could be very small, which means that 
the’concentration of the titrant needs to be lower. 


e » Willahot plate or a water bath be used to reach desired temperatures? 
Awater bath could provide more uniform temperature throughout the 
sample. Should the temperature be monitored? 


e ow long should the spinach samples remain at each temperature? Should 
hey be cooled down when removed? If the samples are not immediately 
cooled down, the cooking process will continue, affecting the results. 


. as appropriate experimental equipment been selected, considering 
heir size and precision? Volumetric flasks and volumetric pipettes should 
be used for preparing solutions or dilutions. The golden rule is to use the 
highest precision instruments available. 


e — |s the titrant solution stable? This must be considered if data are collected 
in several sessions. Potassium manganate(VIl) reacts with water, and this 
reaction is sped up in the presence of sunlight. 


e Are there any specific requirements for the titration? It is a slow reaction, 
and therefore a gentle heating is advisable. The most suitable temperature 
can be ascertained in a pilot experiment. If the temperature is too high, the 
oxalate will decompose. 


The internal assessment 


e Which safety issues must be considered? How can green chemistry come 
into the picture? How should the leftover spinach samples and reagents be 
disposed of? Are there any ethical issues? To mention a few: safety gear should 
always be worn even when the experiment does not involve serious risks. You 
must consider risks associated with chemical reagents, try to use as little as 
possible of them and state the environmental hazards involved. 
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A Figure 2 Graph of measured mass of oxalic acid in spinach vs cooking time 


Each decision must be based on a solid rationale and)should.be justified in the 
methodological considerations. The student decides to cut the leaf samples 
with scissors and uses ruler to measure the pieces;and ensure that the surface 
area of the spinach sample is consistent)The student opts for this method as a 
pilot experimentishows the sample gets warmer when using a food processor to 
chop the spinach. The student also decides tormonitor the temperature using a 
thermometer and cool the samples immediately after heating, so the exposure 
time isthe same for each sample. This shows thorough control of variables and 
adds value to the investigation. 


The student also checks thatthere are high precision instruments available while 
planning their research design, therefore minimizing of uncertainties affecting the 
results. 


The student conducts the experiment in the fume hood using a lab coat, safety 
goggles, mask and gloves due to the risks that potassium manganate(VIl) presents. 
These hazards are briefly described in the research design. The student makes 
every efforbto use the minimum quantities and the leftover chemical waste is 
disposed in a special bin for a company to collect. The report clarifies that the 
waste should not be disposed through the sink as this compound can cause 
damage to the environment. The leftovers of the spinach are used for composting. 
This approach shows that the student adheres to safety, ethical and environmental 
good practice. 


The internal assessment 


Case study 4 (Inquiry 1: Designing) 


A student designs a research method to investigate how the time of chlorine 
exposure to UV light affects the extent of the photolysis reaction, using,asmixture 
of sodium thiosulfate, Na,S.O,, and starch as an indicator. 


The following methodological considerations need to be made: 
e reagents involved 

e concentrations and storage of solutions 

* chosen wavelength of UV light 

e distance of chlorine sample from lamp 

e — elimination of other sources of light 

* — range of exposure times 


e the best way to establish the endpoint of the titration and the number of 
trials. 


Each will require several decisions, especially ifthe pilot shows that extended 
time periods are needed to.obtain reliable results. For example, the temperature 
needs to be controlled as'this will affect the reaction system. This is usually 

a challenge for longerinvestigations. If you the temperature cannot be kept 
constantinthe experimental environment, the temperature of the reaction 
system should be monitored using a temperature probe. 


The student's report includes the détails of calibrating the pH probe with two 
buffers and they prepare a blank, showing good experimental technique. The 
buffers cover the optimumypH needed, to avoid systematic errors. The student 
covers the container with glass transparent to a wavelength of 365 nm, which 
gives a high rate of photolysis. This prevents evaporation and changes in 
concentration that would make the results unreliable. 


Sodium thiosulfate is stable for 24 hours, so the student prepares a fresh solution 
each day'that they carry out the experiment. The starch solution is also freshly 
prepared. to avoid degradation. 


Theprocessing of errors must be considered before implementing the 
procedure. If the idea is to use a standard deviation, five trials are the minimum 
required. However, if any of the trials produce outlier results, then these results 
need to be excluded and more trials will be necessary. Diagrams or photographs 
of the experimental set-up could also add value to the description of the 
methodology. 


Data analysis 


The data analysis for your scientific investigation requires you to: 


e communicate your recording and processing of data in a clear and precise 
manner 


e — consider uncertainties and their propagation 


e adequately process the relevant data to allow you to answer the research 
question. 


Communication is essential when addressing this criterion. Make sure that you 
follow these rules: 


1. Present clear tables and graphs with adequate titles. 

2. Produce well designed tables that allow easy comparison of data. 
3. Include the uncertainties of the instruments used. 
4 


Use correct symbols for physical quantities and their units. Remember to use 
SI units. 


on 


Show your processing clearly, but do not add unnecessary,steps and 
descriptions. 


Report decimal places consistently. 
Do not use images to replace qualitative data. 


Make sure that you report raw data, not inferences. 


o o N oo 


Conduct repeats for any trials where the results are inconsistent. 


Consider point 8: inferencesiare the conclusions you make based on your 
recorded data. For example, if you were testing the rate of a reaction with and 
without a catalyst, your raw.data might be the time taken for the reaction to reach 
to completion, and the inference would be that the catalyst increases the rate of 
reaction. The raw data should be in your data analysis, and the inference should 
be in your conclusion. 


The case studies below give examples of data analysis in three scientific 
investigations and how,thesellink to the inquiry process. 


The internal assessment 


Case study 5 (Inquiry 2: Collecting data, Processing 
data) 


A student investigates the effect of changing the concentration of glucose on 
the rate of carbon dioxide production during fermentation. Four samples with 
different concentrations of glucose are prepared by adding different masses 

of glucose to a fixed volume of water and yeast. The student plans to heat the 
solutions with a hotplate at a temperature slightly above the expected’one to 
account for the cooling that occurs while data are collected. The concentration 
of CO, will be measured with a probe for 700 seconds. 


In this experiment, the temperature must be controlled with a water bath and 
monitored with a thermometer. To establish a trenda minimum of five data 
points is required for the independent variable. 


The student's report includes four. graphs»Figure 3 shows theresults from the 
pilot experiment. 


Figure 3 shows that carbon dioxide concentration changes non-linearly with 
respect to time, so a line of best-fit is not appropriate for this,graph. Figure 4 
shows two trials that include the other glucosesamples, which also do not show 
a linear trend. 
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A Figure3 Graph of carbon dioxide evolved vs time during fermentation for one glucose sample 
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A Figure4 Graphs showing two trials for the fermentation experiment 


The two trials show inconsistent values for all samples, especially 0.10 and 
1.00 g. Inthis.case, a repeat is required. 
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The internal assessment 


The internal assessment 


In the final graph in the report, the student has tried to produce a Michaelis— 
Menten plot (figure 5). The ability to produce a Michaelis-Menten plot is not 
assessed in DP chemistry. 
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A Figure 5 Michaelis-Menten plot for the fermentation experiment 


Foneach data point, the rangeof the error bars overlaps with the error bar range 
for other data points. For example, the first and last points in the graph have error 
bar ranges that include all of the data points. Therefore, the data are not reliable. 
More data are required to produce a reliable Michaelis-Menten plot. The 
studentalsovassumes that the graph starts at the origin but does not have data to 
support this. 


Case study 6 (Inquiry 2: Collecting data, Processing 
data) 


A student conducts an investigation where the independent variable is the 
length of the carbon chain in primary alcohols, and the dependent variable is 
the standard enthalpy of combustion. Two databases and the DP chemistry data 
booklet are used instead of conducting a traditional hands-on experiment. One 
of the databases includes experimental values, and the other contains predicted 
values. The data were processed in the form ofa scatter graph with the number 
of carbon atoms as the independent variable. 


You should aim to use at least three reliable databases in investigations using 
secondary data. However, if you have an interesting idea for a database 
investigation and there are fewer than three databases available, this should not 
discourage you from pursuing this investigation. You should try to think of other 
ways to support your hypotheses if limited secondary data is unavailable. The 
reasons for selecting the chosen databases should be included. 


The internal assessment 


The DP chemistry data booklet is reliable, but it is not a database. Using scientific 
papers is also not a good idea as the authors have already selected the values 
from secondary data, and this is a task you must perform. 


Many databases do not include uncertainties. In this situation, an estimate 
through reported precision is too simplistic. An analysis of the differences in 
reported values in different databases would provide a more realistic uncertainty. 


average change in mass of alcohol during combustion 
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A Figure 6 Graph of change of mass in’ combustion of primary alcohol vs 
number of carbon/atoms in chain 


The'student,processes their data to, produce the graph shown in figure 6. 


Scatter graphs shouldsnot beused to display data where the independent 
variable is discrete and quantitative with regular intervals (as in figure 7). This 
is/because the line of best fit incorrectly implies that alcohols with a fractional 
number of carbon atoms exist. Therefore scatter graphs should only be used 
for continuous data: The student will however receive marks for demonstrating 
data handling skills such as plotting the graph, identifying the line of best fit, 
extracting the R? value and line of best fit equation. You should use a bar chart 
when the independent variable is discrete and qualitative. 


The internal assessment 


Case study 7 (Inquiry 2: Collecting data, Processing 
data) 


A student wants to investigate how the temperature of copper(II) sulfate solution 
in a voltaic cell affects the potential difference of the cell. In their investigation, 
hey use copper and iron electrodes, and sodium nitrate, NaNO, for the salt 
bridge. They want to use temperatures of 10, 20, 30, 40, 50 and'60,°G. 


n their procedure, the student reports the overall surface area of electrodes in 
he electrolyte, but not the distance between them. A picture included in the 
report shows that the electrodes were not parallel’and touched the bottom 

of the beaker. The distance between electrodes needs to be’controlled, and 
he electrolyte flow will be affected if the electrodes touch the container.The 
hermometers should not be touching it either but beplaced in the bulk of the 
electrolyte. The student has not reported the temperature of the surroundings, 
nor pressure for the three trials. 


The student prepares the electrolyte with CuSO,,*5H,O butthey use the molar 
mass of the anhydrous salt to findithe concentration, This is a common mistake 
hat will affect the accuracy of their methodology. Many salts in school stock 
rooms are hydrates, as they are cheap and easysto store. In this case, the student 
will need to factor in the molarimass of water in the hydrated salt when making 
he calculations forthe concentrations. 


The student.prepares a/large enoughvolume of the electrolyte to use in all 
he trials. The student also decides to change the salt bridge and sand the 
electrodes foreach trial. 


neéxperiments involving electrochemical cells, a water bath should be used 
to ensurethat the temperature does not change while collecting data and the 
voltmeter reading needs to stabilize before data is recorded. 


The student includes qualitative observations on the solutions at the start of the 
experiment: However qualitative observations on changes that occur during the 
process.are.mosbuseful. 


Their results are shown in table 2 below. 


> Table2 The 
student's results 
823 619 614 627 611 627 620 
eis 631 634 642 638 633 | 636 
303 642 639 639 640 649 | 642 
293 616 622 602 59 619 | 611 
4 283 S) IS 582 589 586 | 582 


The internal assessment 


Always reflect on collected data and decide whether you need to repeat any 
trial. Also look for outliers when calculating the mean and use your critical 
thinking to keep or exclude them. In either case, you should provide a brief 
rationale for your decision. If you find the standard deviation using your graphical 
calculator or computer software, you should include a picture of the calculations 
with the values used. 


The student also calculates theoretical data for the voltaic cell using the Nernst 
equation. The use of the Nernst equation is not assessed in DP chemistry. Both 
theoretical and experimental data are presented in a graph with a line of best fit 
and an equation for the line of best fit (figure 7). The R? is relatively low for the 


experimental data, so the student cannot report that there is a strong correlation. 


900 


pe 

a 800 

*% L 700 e = theoretical 

D 

o o 600 goe | Sp Dg = 

3 m f pearsons e@orrelation co-efficient 
U € e = ayg. experimental value 

O Oo 500 = Sy a> ~~ 

au R? #67 

z 400 RATI 


O ] 2 3 4 5 6 
temperature = 283K, 5 = 323K 


A Figure 7 Graph of potential difference vs temperature for an iron-copper voltaic cell 


You must remember to consider the limitations of the theory you plan to use 
when designing an experiment. The Nernst equation only applies to solutions of 
concentrations up to 10° mol din’, and the solutions that the student prepares 
have a concentrationof 0.1 mol dm”. In,their report, the student mentions that 
the error bars were too small to be shown» The use of error bars is not mandatory 
in your report. However, if they are used, youshould use them correctly. The 
report should include the error bar calculations and a brief analysis of their 
significance, 


Conclusion 


The conclusion for your scientific investigation requires you to: 


e present a conclusion that is relevant to the research question andjustified by 
the data 


e — include scientific context to support your conclusion. 


The case study below gives an example of conclusion in a scientific investigation 
and shows how this links to the inquiry process. 


Case study 8 (Inquiry 3: Concluding) 


A student wants to investigate how different ratios of active ingredients 
in antacids impact their neutralizing,effect on hydrochloric acid, HCl(aq). 
Hydrochloric acid is used to simulate stomach acid. 


The student choosesto investigate mixtures of five different mass ratios of two 
antacids, magnesium carbonate, MgCO3(s), and calcium carbonate, CaCO3(s). 
The range of mass ratios used is 1:1 to 1:5, and the overall mass of each mixture 
is 0.2g. The methodinvolves adding the antacid mixtures to 0.1 mol dm~? 
hydrochloric.acid and titrating thewresulting:solution with sodium hydroxide, 
NaOH[{aq). 


Their results are shown in table 3 below. 


ile 27.6 30.8 24.1 2S) 

N2 28.3 29.2 28.6 28.7 
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ES 875 372: 37.2. S73 
A Table 3 Table 3 The student's results 


The student includes the two graphs shown in figures 8 and 9 in their report. 


The choice of scatter graph is a good one as it allows the student to demonstrate 
skills in data-handling, such as identifying the line of best fit and extracting 
information from this. However, the volume on the y-axis is erroneously referred 
toas “amount”. 
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A Figure 8 Graph of volume of sodium hydroxide required to neutralize hydrochloric acid 
with different mixtures of antacids 
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A Figure 9 Graph of volume of hydrochloric acid with different mixtures of antacids 
neutralized by sodium hydroxide 


In their conclusion, the student states that as the relative mass of calcium 
carbonateiin the antacid increases, the neutralizing effect of the mixture 
decreases. Thestudent also.mentions that the 0.97 value of R? justifies this trend. 
However, both graphs report the value as O and the origin of the 0.97 value is 
not reported. 


The main drawback of the experimental design is that the concentration for 
hydrochloric acid, used poorly mimics stomach conditions. The student has 
also not considered the temperature of the stomach, and the time given for the 
antacid mixture to react with the acid. 


As presented ,this investigation is more related to stoichiometry calculations. 
Therefore, mole ratios rather than mass ratios should be used for the antacid 
mixtures. 


The internal assessment 


b> Table 4 The 
student's results 


Evaluation 


The evaluation for your scientific investigation requires you to: 
e — identify methodological weaknesses and limitations 


e — suggest realistic and relevant improvements, addressing previously 
identified weaknesses and limitations to the methodology. 


Your methodology is assessed against this criterion, so anysignificant mistakes 
made in the experimental design will affect your marks. Identifying issues at this 
stage that you should have addressed before while collecting data will earn 
minimal credit. Please remember that suggestions such as ‘doing more trials’ are 
considered too simple and will not allow you to reach the second band. 


The case study below gives an example of an evaluation ima scientific 
investigation and shows how this\links tothe inquiry process. 


Case study 9 (Inquiry.3: Evaluating) 


A student investigates the effect of changing the mole ratio of a mixture of 
cyclohexane and’cyclohexene on the volatility of the mixture. After several 
pilots, the studentfinds that the mole ratios 1:0, 3:1, 1:1, 1:3 and 0:1 produce 
reasonable data. 


The student decides to soak a piece of filter paper in the solvent mixture, and 
then allows the sample to evaporate in a fume cupboard due to the hazardous 
natureof the solvents. The temperature and pressure in the fume hood are 
monitored. The studentmeasures the length and width of the filter papers to 
ensure that the surface area is the same for each mixture. They decide to control 
the amount of the’solvents by carefully measuring their volumes with a 2.00 cm? 
graduated pipette. 


The student attaches the filter paper to a temperature probe using a rubber 
band, and submerges both through a hole in a test tube filled with the solvent 
mixture. The student collects data until the temperature remains constant. When 
the value remains stable for two minutes, they remove the probe with the paper 
and record the decreasing values until they stabilize for two minutes using a data 


logger. 


The student propagates the uncertainties (Too! 3: Mathematics) to find an 
estimate of the systematic error. The overall percentage error is 8.96%, and 
random errors range from 3.38 to 5.72%. 


Their results are shown in table 4 below: 


1.00 0.1200 3.63 53 8.96 +0.0044 
O75 0.0840 572 3.24 8.96 +0.0048 
0.50 0.1050 4.89 4.07 8.96 +0.0051 
0.25 0.0970 5.60 3.36 8.96 +0.0054 
0.00 0.1000 328 5.58 8.96 +0.0028 


The student uses their results to create the graph shown in figure 10. 
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A Figure 10 Graph of rate of cooling of solvent mixture vs mole fraction of cyclohexane in 
solvent mixture 


Vapour pressure is a measure of the volatility of a liquid.The student knows that 
he change in vapour pressure is proportional to the change in temperature, so 
can use their result to predict the relative volatility.of the different mixtures. This is 
an example of an inference. 


n evaluating the results in their report, the student,considers that the rubber 
band introduces a systematic error, as they cannot confirm its position is always 
he same. They suggest using atthin contact film strip with a well-established 
surface to minimize this weakness inthe design. The studentalso thinks that 

he paper needs more contact with thetemperature probe, which introduces 
another systematic error. Thestudent suggests using cylindrical filter paper 
instead. 


The student also notes that the entire filter japenmay not always absorb 

the same volumeof the solvent mixture, sothey recommend using a more 
professional device to ensure that the’same volume is absorbed every time. The 
report also mentions that instead of measuring the evaporation rate, a pressure 
sensorcould be used to measurethe vapour pressure. 


The identified weaknesses are validand deserve credit as the student has made 
effort to minimize errors in their methodology earlier in the process, and they 
identify some usefulimprovements. 


The internal assessment 
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3D representation of molecules 129, 259, 260 
absolute uncertainty 355 
absolute zero 17, 389 
absorbance 76, 339 
absorption spectra 34, 35, 39 
accident prevention, experiments 309 
accuracy of measurements 311-12, 467 
acetic acid (ethanoic acid) 526, 549 
acetylsalicylic acid (aspirin) 472 
achirality 286 
acid-base classification systems 552 
acid-base equations, balancing of 555-6 
acid-base equilibria, in salt solutions 565-7 
acid-base indicators 318-19, 571-3 
acid-base titration 468, 557-9, 567-73 
acid deposition 242, 554 
acid dissociation constant 561-5 
acid rain 242-3, 554 
acid residue 547 
acids 
anions 548 
Arrhenius acids 538, 539 
binary acids, periodic trends 549 
Brensted-Lowry acids 239, 539, 546-7 
buffer region 568 
buffer solutions 574-7 
classification 547 
conjugate acids 541, 571 
dissociation constant561-5 
halfequivalence point 569, 571 
Lewis acids 241, 635-6 
oxidation states 549 
oxide reactions 241-2 
parent acids 556 
periodic trends 549 
pH curves 557-9, 568, 569-70 
pH scale 543-4 
properties 537, 538, 546-50 
reactions 241-2, 552)553-69591 
redox reactions.652, 591 
strong acids 548 
pH curves 568, 569-70 
theories 538-41 
Wweakacids 530, 549-50 
anions 552 
dissociation constant 561-5 
reversible ionization 530 
titration 572-3 
activation energy 391, 492-4, 507-8 
active metals 553 
addition polymers 217-19 
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addition reactions, electrophilic 632-4, 644-7 
ageing, free radical theory of 623 
air pollution 242, 433 
alcohols 261 
aqueous solubility 152 
boiling points 269 
classification 281 
combustion 398, 427 
homologous series 264, 265 
naming 276 
oxidation 604-6 
primary alcohols. 604-6, 607 
reduction 607 
secondary alcohols 604, 605, 607 
tertiary alcohols 607 
aldehydes 261,264, 276 
functional group isomers 283 
homologous series 265 
oxidation 604-6 
reduction 607, 608 
terminal position 276 
aliphatic 262 
alkali petals 550 
metallicieharacter of 238 
periodic table 230 
reactions 239 
alkaline species 541 
alkanes 262 
boiling points 268, 269 
branched-chain alkanes 271 
combustion 425-6, 428 
homologous series 263 
melting points 268 
naming 272 
radical substitution 624 
root names 272 
straight-chain alkanes 268 
see also halogenoalkanes 
alkenes 262 
addition polymerization 217-19 
boiling points 269 
cis-trans isomerism 284-5 
electrophilic addition 632-4, 644-6 
homologous series 264 
naming 274 
reduction 608-9 
straight-chain alkenes 264 
alkoxy group 261, 264, 283 
alkyl group 260, 272 
alkynes 264 
homologous series 264 


reduction 608-9 

allotropes, carbon 135-6 

alloys 205-9 

aluminium 
boiling and melting points 192 
recycling 190 

aluminium chloride 204, 636 

aluminium nitrate 107 

amides 127, 261, 266 

amido group 261 

amines 
classification 281-2 
hydrocarbon substituents 551 
naming 282 
primary amines 261, 266 
secondary amines 266 
suffix 282 
tertiary amines 266 

amino acids 222, 542 

amino group 261 

ammeters 319 

ammonia 551 
bond angle 129 
combustion 413 
Haber process 525 
ionization 540 
reverse reaction 515 
van der Waals parameters 84 

ammonium ion 104 

ammonium nitrate 104 

amphiprotic species 542 

amphoteric species 241, 542 

analyte 335, 469 

analytical techniques 
colorimetric analysis 253 
colorimetry 77, 339-40, 
combining of 302-3 
gas—liquid,chromatography 155 
infrared spectroscopy 293-6 
liquid column chromatography 155 
mass spectrometry 29-32, 290=2 
paper chromatography 10,11, 155, 156, 331 
proton nuclear magnetieresonance spectroscopy 

296-302 
spectrophotometry 76, 339-40 
thin layer chromatography 157, 158-9, 331 
titration 334-6, 400, 468, 469, 557-9, 567-73, 
92-3 

AnastasyPaul 475 

anions 97, 98, 102, 105 
acids 548 
electrical conductivity 111 
oxyanions 245 
primary (voltaic) cells 596 
radii of 233-4 
solubility 112, 113, 114 


weak acids 552 

anodes 437 
cell diagrams 596 
electrochemical cells 598 
electrolysis 618 
electrolytic cells 603 
hydrogen fuel cell 602 
lithium-ion batteries 600 
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antacids 555 

anthocyanins 318 

antibiotics 127 

aqueous solutions 13, 72, 465, 
electrolysis 616-18 

area under a curve, graphs 375-8 

aromatic compounds.163, 164, 261 

Arrhenius acids 538, 539 

Arrhenius\bases 538, 539, 560 

Arrhenius equation 506-8 

Arrheniusfactor 506 

Arrhenius, Svante 538 

Arrhenius theory 552 

Aruni, Uddalaka 5 

aspirin 472 

asymmetric centre. 286 

atmosphere, Earth's 268, 429 

atom economy 475-6 

atomic number 24-6 

atomic orbitals 44-54, 176-8 
Aufbau principle 50, 53-4 
dorbitals 47, 251, 252 
degenerate orbitals 49, 50 
f orbitals 47 
Hund's rule 50 
orbital diagrams 48-54 
porbitals 45, 47 
Pauli exclusion principle 48 
s orbitals 44-7 

atomic radii, periodicity 232-3 

atomic theory 3, 5-6, 46 

atomic volume, periodicity 237 

atomization, enthalpy of 418 

atoms/atomic structure 3, 5-6, 20-6 
Bohr model 40-2, 43 
diameter of atoms 22 
electron configurations 34-62 
empirical formula 68-71 
excited state 41 
ground state 41 
ionization energy 54-60 
isotopes 26-9 
mole unit 63-4, 66, 72 
“olum pudding” model 21 
quantum mechanical model 43-6 
relative atomic charge 23 
relative atomic mass 23, 65, 66 
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Rutherford model 20-1, 22 
Aufbau principle, atomic orbital filling 50, 53-4 
aurora borealis (Northern Lights) 35 
Avogadro's constant 64 
Avogadro's law 78 
axial bonds 169 


back titration 469 
backward reactions 514, 522 
see also reversible reactions 
Ball, Alice 632 
ball-and-stick models 341 
balloon models, molecular geometry 169, 170 
bar charts 365, 366 
barium hydroxide 104 
base dissociation constant 561-5 
bases 
alkalis 541 
Arrhenius bases 538, 539, 560 
Brønsted-Lowry bases 239, 539, 542, 554, 635 
buffer region 568 
buffer solutions 574-7 
conjugate bases 105, 541, 571 
half-equivalence point 570 
Lewis bases 241, 635-6 
oxide reactions 241-2 
parent bases 556 
pH curves 557-9, 568-71 
pH scale 543-4 
properties 537, 538, 550-2 
reactions 241-2, 552, 553-6 
strong bases 558 
pH curves568-9 
theories 538-41 
weak bases 
dissociatiomconstants 561-5 
pH curves 569-71 
reversible ionization 530 
titration 573 


batteries 
lead-acid batteries 599 
lithium-ion batteries 112),.191, 439, 600 
primary (voltaic) celh594, 598 
recycling 111 
secondary (rechargeable) cells 598 
voltaic pile 338 
bent (V-shaped)igeometry, molecules 128, 129 
benzene 
1y2-disubstituted benzene compounds 166 
carbon-carbon bonds in 165 
electron density 165 
electrophilic substitution 648-9 
hydrogenation 166 
isomers 166 
resonance energy 165-6 


structure 162-7 
beryllium 
electron configuration 56 
ionization energy 246 
beta-lactam ring 127 
bimolecular reactions 496 
Binnig, Gerd 23 
biochemical reactions 495 
biodegradable materials/products 213, 215/216 
biofuels 427, 433-6, 477 
production by world’region 436 
pros and cons of 435, 
biological carbon fixation 434 
bioplastics 216 
bipolar plate, fuel cells 601 
blocks (periodic table)i229-31 
blood, mieroplastics in 216 
Bohr model/atomiestruicture 40+2, 43 
boiling peints 
andbbonding type 198 
ethanal 150 
ethanol 150 
graphical model of 270 
group 1 metals 191 
halogens 14] 
and/homologous series 269, 270 
hydrides 145 
methanoic acid 150 
pentane 142 
period 3 metals 192 
propane 150 
straight-chain alkanes 268, 269 
Boltzmann, Ludwig 443 
bomb calorimeter 401 
bond axis (internuclear axis) 175 
bond dissociation energy 391 
bond enthalpy 125, 293, 405-7 
average bond enthalpy 405-6 
carbon-halogen bonds 642 
definition 405 
positive enthalpy value 405 
bonding 
axial bonds 169 
bond angle 128, 129 
bond-breaking and bond-forming 404-7 
bond length 125 
bond order 124-5 
bonding continuum 187, 198-200, 201 
bonding electrons 120 
coordination bonds 126, 251-2, 629, 635, 636, 
637-9 
electron domains 127-30 
equatorial bonds 169 
metallic bonds 95, 96, 187, 191-3 
metallic-covalent bonding continuum 187 


multiple bonds 130 
pi bonds 174, 175-6 
polarity 132 
sigma bonds 174-5, 176 
transition elements 193-4, 251-2 
triangular bonding diagrams 198, 201-5 
valence shell electron pair repulsion model 127-9, 131 
see also covalent bonds; ionic bonds 
bonding triangles (diagrams) 198, 201-5 
Born—-Haber cycles 418-21 
boron 
electron configuration 56 
ionization energy 246 
mass spectrum 30 
orbital diagram 50 
boron trifluoride 632 
Boyle, Robert 81, 87, 539 
Boyle's law 81, 82, 87 
branched-chains alkanes 271 
brass 207 
brittleness, and bonding type 198, 199 
bromine 
electrophilic addition 644 
reversible reactions 512-14 
bromopentane 279 
Bronsted, Johannes 538 
Bronsted—Lowry acids 239, 539, 546-7 
Bronsted—Lowry bases 239, 539, 542, 554,635. 
Brønsted-Lowry theory 540, 552 
bronze 207 
buckminsterfullerenes (buckyballs) 135, 136 
buffer action 574 
buffer region 568 
buffer solutions 574-7 
pH of 576-7 
burettes 314, 335 
measurement uncertainty/erron352, 383 
butane 273, 274 
boiling and melting points268 
chain isomers 279 
empirical and molecular formula 68 
enthalpy change of formation 413 
molecular formula,263 
structural formulas 263 
butanoic acid 294,526 


calciurnm52) 53 

calcium carbonate 104, 469, 473 
calcium*fluoride 109 

calcium hydroxide 550 

calcium nitride 106 

calcium oxide 105 

calculator skills 533 

calibration curves 76-8, 339 
calorimeters 391, 395, 401 


calorimetry 333-4, 399, 401 
car batteries 599 
carbocations 631, 641, 642, 647 
carbon 
alkyl groups 260 
allotropes of 135-6 
biological fixation 434 
carbon-carbon bonds 124, 1257165 
catenation 257 
chirality 286, 287, 288 
hybrid orbitals 177-8 
hybridization 176+8 
and steel hardness 207 
see also hydrocarbons 
carbon dioxide 5 
atmosphetic,concentration 429; 430-1 
food industry use of 477, 
Lewis formula 121 
molecular polarity 133 
seawater concentration 526 
carbon-halogen bonds 642 
carbon monoxide 5, 428 
carbon nanotubes.135, 136 
carbonate ion 104, 122-3 
carbonates 
acid reactions 554 
aqueous solubility 114 
carbonic aciae242, 526 
carbonyl group 261 
naming of compounds in 276-7 
oxidation 604 
reduction 607 
carboxyl group 261, 265 
functional group isomers 283 
oxidation 604 
carboxylic acids 261, 265 
boiling points 269 
naming 277-8 
oxidation 604-6 
reduction 607 
suffix 277 
catalysts 247, 494-5 
and clean energy 434 
equilibrium position 523 
Haber process 524 
hydrogen fuel cell 602 
catalytic converters 194, 247-8 
catenation 257 
cathodes 437 
cell diagrams 596 
electrolysis 618 
electrolytic cells 603 
hydrogen fuel cell 602 
lithium-ion batteries 600 
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cations 29, 97, 98, 99, 101, 102 
coordination bonds 251 
electrical conductivity 111 
primary (voltaic) cell 596 
radii of 233-4 
solubility 112, 113, 114 
see also carbocations 

cell diagrams 596 

cell phones 342, 598 

cellulose 211, 212 

Celsius temperature scale 17 

CERN 90 

chain isomers 279 

changes of state 13-14, 15 

charge 
effective nuclear charge 233 
formal charge 172-4 
ionic charge 109 
ions 98-100 
notation of 102 
nuclear charge 234 

charts 365-6 
see also graphs; tables 

chaulmoogra oil 632 

chemical bonds see bonding 

chemical compounds 6 

oxidation states, deduction of 243-5 

chemical equations see equations 

chemical equilibrium see equilibrium 
chemical formulas see formulas 

chemical industry, reaction yields 474 

chemical kinetics see kinetics 

chemical reactions see reactions 

chemical shift 297, 298, 300. 

chemical symbols see symbols 

chemical weapons 525 

chemiluminescent reactions 509 

chirality 286) 287/288 

chloride ion 98 

chlorides 

aqueous solubility 114 

lattice enthalpy, 110 


Chlorine 
homolytic fissiom624, 625 
isotopes 26; 27 
redox reactions 582 
chloroethane 297-630 
chloromethane 627 
chromate=dichromate equilibrium 520 
chromatograms156, 157, 158 
chromatography 155-60 
classification of 156 
experimental technique/apparatus 331-3 
gas-liquid chromatography 155 
liquid column chromatography 155 


locating agents 157 
mobile phase 155 
paper chromatography 10, 11,155, 156, 331 
retardation factor 157-8 
stationary phase 155 
thin layer chromatography 157, 158-9, 33] 
chromium 
discovery of 193 
electron configuration 54, 101 
in oil paints 608 
rust prevention 206, 
variable oxidation’states 249, 250 
cis-trans isomers 284-6 
citations, academic practice 311 
climate change 431, 434 
see also globahwarming 
closed systems 387, 388 
cobalt 
electron.configuration 101 
massspectrum 31 
coefficient of determination379 
collision theory 487-8 
colorimeters 342 
colorimetric analysis 253 
colorimetry 77, 339-40 
colour wheel’251=2, 340 
colourless substances, chromatography 157 
column chromatography 155 
combined gas law 88-9 
combustion 424-8 
alcohols 427 
complete combustion 425-7 
enthalpies of 334 
greenhouse gas emissions 429-31 
incomplete combustion 428 
metals 424-5 
non-metals 425 
phlogiston theory 426 
primary alcohols 398 
standard enthalpy change 398, 412-17 
complementary colours 340 
complex ions 248, 251, 637-9 
complexes, transition elements 251-3, 637 
compounds 6 
oxidation states, deduction of 243-5 
concentrated solutions 73 
concentration/s 72-8 
calibration curves 76-8 
colorimetric analysis 253 
colorimetry 77 
equilibrium position 519-20 
mass concentration 74 
molar concentration 73-5 
problem-solving 465 
reaction rate 488, 491 


spectrophotometry 76 
standard solutions, measurement uncertainty 77-8 
titration technique/apparatus 334-6 
concentration-time curve 504-5 
concordant values, measurement 312 
condensation 15, 443 
condensation polymers 220-4 
condensation between two different monomers 221 
condensation of the same monomer 222-3 
hydrolysis 224 
condensed structural formula 258 
condensers 324 
configurational isomers 284 
conformational isomers 284 
conjugate acid-base pairs 541, 564-5 
conjugate acids 571 
conjugate bases 105, 571 
conservation of energy, law of 404 
conservation of mass, law of 470 
constitutional isomers 279 
continuous spectrum 35 
coordination bonds 126, 251-2, 629, 635 
and complex ions 637-9 
Lewis acid and base reactions 636 
copper 
ancient artefact 186 
antimicrobial properties 207 
electron configuration 54, 101 
electroplating 619 
mass spectrum 30 
variable oxidation states.249, 250, 
copper(|!) sulfate 
crystals 96 
electrolysis 618 
relative molecular mass.65, 66 
Cornell method, note-taking.490 
correlation, graphs 37] 
corrosion 198/199. 


cotton 212 
covalent bondsi95y 96, 117-34 
bond angle 128, 129 


bond enthalpy.125 
bond length 125 
bond order)24-5 
coordination, bonds 126, 636 
electron domains 127-30 
electronegativity 119 
formation of 118 
Lewis formulas 120-3 
multiple bonds 130 
polarity 132 
polarization 632 
valence shell electron pair repulsion model 127-9, 131 
covalent network structures 117, 135-8 
covalent substances 149-54 


electrical conductivity 151 

intermolecular forces, relative strength of 149-50 

properties 151-4, 198 

solubility 152 

volatility 151 
crosslinking 213 
crystallization 9, 11, 327 
crystals 96, 104 
current, electric 603 
cycloalkanes, cis-trans isomerisrm285 


datomic orbitals 47, 251, 252 
d-block elements 230 
Dalton, John 5 
Daniell cell 596 
data collectionseelmeasurement 
databases 345-6 
decimal places, measurement 356-7 
dedusetive reasoning 38 
degenerate atomic orbitals 49, 50,2541 
delocalization 162, 187,488, 194 
in benzene molecule 164 
and hybridization|180 
Democritus 5 
density, gases 468 
deposition 14,15 
détergents 134, 152-3 
diamond 135=6 
diamorphine (heroin) 153 
digital balance 313 
digital pH meters 543 
digital sensors 342 
digitalin 260 
dilute solutions 73 
dimensional analysis 22 
dipole-dipole forces 143, 147, 148, 149 
dipole-induced forces 142, 147, 148 
dipole moment 132, 133 
dipoles, temporary 139, 140 
diprotic acids 547, 550 
direct-methanol fuel cell (DMFC) 438-9, 601, 602 
direct proportionality, graphs 371 
discharge 599 
disposal of chemicals, safe practice 309 
disproportionation 581 
dissociation 
ionization comparison 540 
of water 545 
dissociation constant, acid 561-5 
dissolution (solvation) 11, 112 
distillation 10, 11 
experimental technique/apparatus 271, 324-5 
fractional distillation 271, 325, 329 
oxidation of primary alcohols 605 
simple distillation 324 
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DMFC see direct-methanol fuel cell 
DNA (deoxyribonucleic acid), hydrogen bonds 147 
double bonds, molecules 124 
doublets 300 
drugs/medicines 
antacids 555 
aspirin 472 
chaulmoogra oil 632 
clinical trials 555 
diamorphine (heroin) 153 
ibuprofen 278 
impurities 472, 474 
penicillamine 286, 287 
dryice 13, 17 
drying samples to a constant mass 326 
ductility, metals 189, 190 
dynamic equilibrium 512-16, 519-25 


Earth 
atmosphere 
carbon dioxide concentration 429, 430-1 
composition of 266 
ozone layer 161 
magnetic field 35 
oceans, carbon dioxide concentration 526 
effective nuclear charge 233 
Einstein, Albert 43 
elasticity 199 
electric current 319, 603 
electric potential difference 320 
electrical conductivity 137 
and bonding type 198 
covalent substances151 
ionic compounds 11] 
measurement of 319 
electrical conductors 190 
electrical resistance, metals 189 
electrochemical ¢élls'336-87 594-602 
electrode potential, standard 610 
electrodes 437, 60] 
see alSo anodes; cathodés 
electrolysis 603-4 
aqueous solutions 616-18 
copper sulfater618 
sodium chloride, molten 603-4, 617 
water 438 
electrolyte'601, 603 
electrolytic cells 336-7, 594, 603-4 
electromagnetic (EM) radiation 34, 35, 38, 39 
electron affinity235-6, 418 
electron configurations 34-62 
for beryllium atom 56 
for boron atom 56 
for calcium atom 52, 53 
for chromium atom 54 


condensed electron configurations 52-3 
for copper atom 54 
emission spectra 34-40 
full electron configurations 52 
isoelectronic 98 
for nitrogen atom 56-7 
noble gas configuration 98, 99 
orbital diagrams 48-54 
transition elements 101, 248 
electron deficient molecules 123 
electron domain geometry 169-71), 179=80 
electron domains, covalent bonds 127-30 
electron microscope 23 
electron-pair sharing reactions 628751 
coordination bonds and complex ions;'637-9 
electrophiles 632 
electrophilic addition 632-4 
Lewis acidsiand bases 635-6 
nucleophiles 629 
nucleophilic substitution 630 
electron sharing reactions 622-7 
electron shielding 233 
electron transfer reactions 580-621 
electrochemical cells 594-602 
electrolysis of aqueous'solutions 616-18 
electrolytic cells 603-4 
electroplating 618-19 
Gibbs energy and standard cell potential 614 
half-equations 586-8 
oxidation 580-5 
metals 589-90 
organic compounds 604-7 
redox reactions of acids and metals 591 
reduction 580-5 
alkenes and alkynes 608-9 
halogens 589 
organic compounds 607-8 
secondary cells 598-602 
standard cell potential 611 
standard electrode potential 610 
electronegativity 187, 201 
covalent bonds 119 
halogens 639 
ionic bonds 102-3, 104 
periodicity 236 
electrons 20, 21, 24-5 
atomic orbitals 44-54, 176-8 
bonding electrons 120 
delocalization 164, 180, 187, 188, 194 
electron affinity 235-6, 418 
electron energy 40, 41 
energy levels 37, 40-2, 44, 47, 50-2 
inner core electrons 52 
ionization energy 54-60 
relative mass and charge 23 


spin 48-50, 174 
valence electrons 52 
wave-particle duality 43 
see also electron... 
electrophiles 629, 632 
electrophilic addition 632-4, 644-7 
carbocations in 647 
halogens 644-5 
hydrogen halides 645 
water 646 
electrophilic substitution, benzene 648-9 
electroplating 618-19 
electrostatic attraction 102, 187 
elementary charge 23 
elementary steps, reaction mechanism 496 
elements 5, 6, 24 
EM see electromagnetic radiation 
emission spectra 34-40 
flame tests 37 
ionization energy calculations 57-8 
observation of 36, 37 
empirical formula 68-71, 257, 296 
enantiomers 286, 287, 289 
end point, titration 571 


endothermic reactions 14, 15, 109, 391, 392, 404, 442 


energy profile 492 
equilibrium position 522 
energy 
of electromagnetic radiation’39 
and matter 3-4 
energy cycles 404-23 
energy density 439, 440 
energy distribution curves 493-4 
energy levels, electrons 37, 40-2, 44, 48, 50-2 
energy profiles 391-3, 492 
energy transfers 387-90, 39] 
enrichment, uranium 28 
enthalpysof atomization 418 
enthalpy change 387-403 
activatiomenergy 391 
bond.enthalpy 125, 406 
Born—-Habercycles 418-21 
combustion 334)398, 412-17 
definition 390 
and entropy 447, 
Hess's law 41] 
hydrogenation 166 
standard enthalpies 394-401, 412-17 
enthalpy of combustion 334, 398, 412-17 
enthalpy of hydrogenation 166 
entropy 389, 442-7 
and enthalpy change 447 
and physical changes 443-4 
entropy change 443-6 
calculation of 445-6 


Gibbs energy change 448, 452 
standard entropy change 445, 446 
standard entropy values 445, 446 
environmental issues 
acid rain 242-3, 554 
air pollution 242, 433 
carbon dioxide concentrations, atmospheric’and 
oceanic 429, 430-1, 526 
global warming 427, 430 
plastic waste 215-16 
see also green chemistry 
enzymes 495 
equations 26, 461, 462 
acid-base equations 555-6 
Arrhenius equation 506-8 
halfequations 586-8 
Henderson-Hasselbalchrequation.5 76, 
ideal gas equation 90-1 
ionic equations 553 
net ionic equation 553 
rate equations 500-6 
Schrddingerequation 43 
total ionic equation. 553 
equatorial bonds 169 
equilibrium 442,/514-16 
acid-base equilibria, in salt solutions 565-7 
chemical equilibrium 514-16, 523 
chromate—dichromate equilibrium 520 
dynamic equilibrium 512-16, 519-25 
effect of catalysts on 523 
effect of concentration on 519-20 
effect of pressure on 521 
effect of temperature on 522-3 
Gibbs energy change 454-6, 531-2 
Haber process 524-5 
heterogeneous equilibrium 514 
Le Chatelier’s principle 519-25 
model of 523 
position of the equilibrium 519-24 
equilibrium constant 516-18 
calculations 526-30 
effect of reaction conditions on 524 
and Gibbs energy change 454-6 
reversible ionization 530 
water 545 
equilibrium law 516-18 
equilibrium sign 512 
equivalence point 335 
eroding 618 
error bars, graphs 369, 370 
errors 


and graphs 385 

and processed results 383-4 
random errors 354, 383, 385 
systematic errors 383, 385, 395, 399 
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ester group 261, 283 
esterification reaction 220, 526 
esters 220-1, 261, 266 
ethanal 150 
ethane 262 
boiling and melting points 268 
molecular formula 263 
molecular polarity 133 
structural formulas 263 
ethanoate anion 180 
ethanoic acid (acetic acid) 526, 549 
ethanol 
aqueous solubility 152 
biofuels 427, 435 
boiling point 150 
equilibrium constants 526 
intermolecular forces 150 
structural formula 152 
ethene 262 
addition polymerization 217-19 
ethers 261, 265 
ethical issues 28 
ethyl ethanoate 220 
evaporation 9, 11, 328 
Excel spreadsheets 343 
excess reactant 395, 463 
exchangeable hydrogen atoms 546-7 
excited state, atoms 41 
exothermic reactions 14, 15, 101, 391, 392, 404, 442 
energy profile 492 
equilibrium position 522 
expanded octets 120, 167-71 
Lewis formulas for 167-8 
molecular geometry169-71 
experimental yield 471 
experiments 309-41 
academic integrity 311 
accident Prévention 309 
empirical formula, determination of 71 
isolation techniques 
drying to aconstantmass 326 
recrystallization329 
separation of mixtures 326-9 
measurementofvariables3 11-20 
melting pointdata 8 
molar massofa gas, determination of 86-7 
non-Newtonian fluids 14 
planning and risk assessments 11 
preparation techniques 
dilution of standard solutions 322-3 
distillation 324-5 
reflux 324 
standard solutions 321-2 
reaction rate 509 
repeatability of results 312 


reproducibility of results 313 

risk assessments 309 

safety 309-11 

variables, control of 89 

see also analytical techniques 
extrapolation, graph data 380-1 


atomic orbitals 47 

-block elements 230 
alsification 21, 426 
emtosecond lasers 499 
ermentation, glucose 435 
ertilizers 393 

ilter paper, fluting of 327 
iltrate 9, 326 

iltration 9, 11, 32647 

irst ionization energy, of hydrogen 5728 
lame tests 37, 

luorine 589, 627 
luoroalkanes}642 

ormal charge172-4 


ormic acid 278 
ormula units 65 
formulas 


condensed structural formula 258 
empirical formula 257, 296 
ionic compounds 104, 105-7, 108 
Lewis formulas 120-3, 167-8 
molecular formula 257 
organic compounds 257-9 
skeletal formula 163, 258 
stereochemical formula 287-8 
structural formula 258, 341 
orward reactions 514, 522 
see also reversible reactions 
ossil fuels 429-33 
ractional distillation 271, 325, 329 
ragmentation 290 
ree radical hypothesis of ageing 623 
reezing 15 
requency factor, particle collisions 506 
uel cells 437-9, 594, 601-2 
direct-methanol fuel cell 438-9 
hydrogen fuel cell 437-8 
uels 424-4] 
biofuels 427, 433-6, 477 
carbon-neutral fuels 413 
complete combustion 425-7 
energy density 440 
fossil fuels 429-33 
incomplete combustion 428 
specific energy 432, 440 
storage and transportation 440 
fullerenes 136 


‘ormation, standard enthalpy change of 413-16, 419, 420 


functional group isomers 283 
functional groups 260-78 
classes 261 
formulas 261 
homologous series 263-70 
suffixes 261 
see also specific functional groups 
funnel, separating 329 


gallium 231 
Galvani, Luigi 594 
galvanizing 206 
gas-liquid chromatography 155 
gases 13 
Boyle's law 81, 82, 87 
combined gas law 88-9 
density of 468 
ideal gas equation 90-1 
ideal gases 80-93 
molar mass 86-7 
molar volume of an ideal gas 85-7 
pressure-volume relationship 81-2, 83, 85, 87-91 
real gases versus ideal gases 82-5 
Van der Waals parameters 84 
GDC see graphic-display calculator 
giant covalent structures 117, 135-8 
Gibbs energy change 447-58, 531-2 
calculation of 448-51 
entropy change 452 
and equilibrium 454-6, 531-2 
reversible reactions 454-5 
spontaneous reactions 448 
and standard cell,potential 614 
temperature 455, 457-8 
glassware, volumetric 321 
global warming 427, 430 
see also climate change 
glucose 
empirical and molecular formula.68 
fermentation 435 
molecular structure 257 


gold 
electroplating 619 
nuclear symbol notation 25 
reactivity of 592 

gradient 


graphs 373-4 
tangent line 484 
graphene 135),136 
graphic-display calculator (GDC) skills 533 
graphite 135, 136, 137 
graphs 
area under a curve 375-8 
boiling points and homologous series 270 
coefficient of determination 379 


concentration-time curve 504-5 
correlation 371 
direct proportionality 371 
error bars 369, 370 
and errors 385 
extrapolation 380-1 
gas laws 88 
Gibbs energy change/temperature relationship 
457-8 
gradient (slope) 373-4 
intercepts 374-5 
interpolation 380-1 
interpretation of 37162 
inverse proportionality 372 
line or curve of best fit 369-70 
logarithmicscale 367 
maximum and minimumwalues 375-8 
non-linear 372 
outliers 367 
plotting of 367 
potential energy/distance between hydrogen atoms 
125 
proportionality 371-2 
rate-concentration curve 503-4 
reactionorder 50355 
sketching of 8363-4 
tangent line 374 
see.also charts; tables, quantitative data 
gravimetric analysis 313, 473 
gravity filtration 327 
green chemistry 216, 310, 474-7 
atom economy 475-6 
catalysts 495 
cost of 476-7 
principles of 475 
greenhouse effect 429, 430 
greenhouse gases 429-31 
ground state, atoms 41 
group | metals, boiling and melting points 191 
groups (periodic table) 54, 229-31 


Haber, Fritz 393 

Haber process 524-5 

half-cells 595, 596, 612 

half-equations 586-8 

half-equivalence point 569-71 

halide ions 

halogen reactions 239 

nucleophilic substitution 643 

halides, melting points 200 

halite 113 

halogenate 624 

halogenoalkanes 261, 263 
classification 281 
heterolytic fission 631 
homologous series 264 
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naming 275 combustion 412-13 


nucleophilic substitution 630, 639-42 complete combustion 425-6 
halogens fractional distillation 271 

boiling points 141 saturated/unsaturated hydrocarbons 262 

electronegativity 639 steam reforming of 438 

electrophilic addition 633, 644-5 substituents 551 

halide ion reactions 239 see also alkanes; alkenes 

non-metallic character of 238 hydrochloric acid 548 

periodic table 230 hydrogels 214-15 

reduction 589 hydrogen 

substituents 275 covalent bonding 118 
hardness test, Vickers 207 electron distribution 140 
hazard symbols, chemistry labs 309 electron energy 40, 41 
heat 388, 390, 392, 394 electron transitions 42 

and temperature 389 emission spectrum 40-3, 57 

see also enthalpy... exchangeableihydrogen atoms 546-7 
heavy water 28 first ionization energy 57-8 
Heisenberg, Werner 43 ion formation 99 
helium isotopes.of 26, 28 

emission spectrum 37 nuclear spin 297 

Van der Waals parameters 84 “pop” test 591 
Henderson-Hasselbalch equation 576 potential of hydrogen 543 
heroin (diamorphine) 153 redox reactions 582 
Hess's law 408-11 specific energy 440 


enthalpy change of combustion 414-7 hydrogen bonding 143-6, 148 949 
enthalpy change, determination of 411 hydrogen chloridel43, 293, 547, 548 
enthalpy change of formation 414-17 hydrogen fluoride 132 

enthalpy cycle diagram method 410, 416 hydrogen fuel cell437-8, 601, 602 
summation of equations method 409, 416 hydrogen halides 633, 645 


heterogeneous catalysts 247 
heterogeneous composition 6 
heterogeneous equilibrium 514 
heterogeneous mixtures 488+9 
heterolytic fission 631, 642 
hexane 274 
boiling and melting points 268 
molecular formula 263 
structural formulas 263 
structural isomers 273 
histograms 365, 366 
Hofmann voltameter 337 
homogeneous composition, 6 
homogeneous reactions 489 
homologous series 141263-70. 
physical trends in’268-70 
homolytic fission 405, 624 
Hund'’s rulé),degenerate orbitals 50 
hybridorbitals. 177-9 
hybridization 1/6>80 
and delocalization 180 
and molecular geometry 179-80, 
hydrates 65 
hydride anions 99 
hydrides, boiling points 145 
hydrocarbons 


hydrogen.iodide 293 
hydrogenation, of benzene 166 
hydrogencarbonates, acid reactions 554 
hydrolysis reactions 224 
amides 127 
direction and extent 565-7 
salt solutions 567 
hydronium ion 540-1 
coordination bond 126 
Lewis formula 122-3 
hydrophilic molecules 152-3 
hydrophobic molecules 152-3 
hydroxide ion 
formula 104 
Lewis formula 122-3 
hydroxides 
aqueous solubility 114 
properties 550-1 
water reactions 241 
hydroxonium 540 
hydroxyl group 261 
cellulose 212 
functional group isomers 283 
morphine molecule 153 
nucleophilic substitution 643 
oxidation 604, 607 


hypotheses 499 


ibuprofen 278 
ice 
changes of state 13, 15 
hydrogen bonding 145-6 
molecular structure 341 
ideal gases 80-93, 139 
assumptions of ideal gas model 80-2 
combined gas law 88-9 
ideal gas equation 90-1 
molar mass 86-7 
molar volume 85-7 
and real gases 82-5 
immiscible liquids 152 
impurities, drug production 472, 474 
indicators, acid-base 318-19, 571-3 
indigenous peoples 431 
inductive effect 642 
inductive reasoning 38 
infrared (IR) spectroscopy 293-6 
initial reaction rate 484, 485, 486 
initiation 625 
inner core electrons 52 
inquiry process 665 
instantaneous dipoles 139, 140 
instantaneous reaction rate 484-5, 486 
instruments, measurement uncertainty 351-2 
integers 70 
integration traces 297, 298 
intensive properties, specific heat capacity394 
intercepts, graphs 374-5 
intermediate compounds}494 
intermolecular forces 138-50 
dipole-dipole forces 143, 147, 148) 149 
dipole-induced forces 142, 147, 148 
hydrogen bonding 143-6, 148,149 
Lond6n (dispersion) forces 136, 139-42, 147, 148, 
149, 269, 432 
internal assessment'668 
internucleaaxis (bond axis) 175 
interpolation, graph data 380-1 
ionic bonds 26, 95, 96, 102-7 
electronegativity 102-3, 104 
lattice enthalpy 109-10 
lattice structure 108 
noh-directionality 108 
periodic table position 103-4 
polyatomic ions 104 
ionic charge109 
ionic compounds 95, 96 
dissolution of 112 
electrical conductivity 111 
formulas 104, 105-7, 108 
lattice enthalpy 109-10 


lattice structure 108 

naming 104-5 

periodicity 103-4 

properties 110-14, 154, 198 

redox reactions 98 

solubility 112-14 

standard enthalpy of formation 419) 420. 
volatility 111 


ionic-covalent bonding continuum 201 
ionic equations 553 

ionic lattices 108 

ionic product of water 545-6 

ionic radii 109, 233-4 

ionic salts, solubility of 114 

ionization 


of ammoniaS40 
dissociation comparison540 


ionizatiomenergy,54-60, 101,418 


calculation of from spectral data 57-8 
data,collection 60 

discontinuities in 246 

first ionization energy 57-8 
periodicity.234-5 

successive ionization energies 58-9, 60 


ions 95, 96-102 


alloys 205 

charge 98-100 

complex ions 248, 251, 637-9 
hydrolysis of salt solutions 567 
hydronium ion 540-1 
polyatomic ions 104, 122 
spectator ions 553 

see also anions; cations 


IRspectrum 294 


iron 206 


see also infrared spectroscopy 


electron configuration 101 
ion formation 100 
ionization energies 101 
oxidation 581 


iron disulfide (“fool's gold") 137 
isoelectronic 98, 234 


isolated systems 387 


isomers 


benzene 166 

cis-trans isomers 284-6 
configurational isomers 284 
conformational isomers 284 
functional group isomers 283 
optical isomers 286-90 
stereoisomers 284-90 
structural isomers 273, 279-83 


isotope labelling 28 
isotopes 26-9 


relative atomic mass 30, 31 
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UPAC nomenclature 271 


journals, scientific 630 


Kekulé, Friedrich August von 164 
Kelvin temperature scale 15-17 


etones 261, 264 
functional group isomers 283 
homologous series 265 
oxidation 604 
reduction 607, 608 
suffix 277 
Kevlar 211 
kilogram, standard measurement 16 
kinetic energy 189, 389, 487, 493-4 
kinetics 480-511 
activation energy 492-4 
Arrhenius equation 506-8 
catalysts 494-5 
collision theory 487-8 
femtochemistry 499 


Maxwell-Boltzmann energy distribution curves 493-4 


multistep reactions 496-9 

rate equations 500-6 

reaction rate 480-6, 488-91, 509 
Kwolek, Stephanie 211 


attice enthalpy 109-10, 204, 418, 420 
attice structure 108 

Lavoisier, Antoine 470 

aw of conservation of energy 404 

aw of conservation of mass4/0 

LDFs see London (dispersion)forces 

Le Chatelier’s principle 519-25 
ead-acid batteries 599, 

ead chromate 608 

ead (II) chromate 113 

eaving group,630 

ength, measurementof 316 
eprosy.632 

Lewis acids 241, 635-6 

Lewis base reactions}636-7 
Lewis basés 635-6 

Lewis acid reactions.636-7 
Lewis formulas 120-3, 167-8 

Lewis theory 552) 

igands 126, 251-2, 637 

imiting reactant 395, 428, 463-8 

ine or curve of best fit, graphs 369-70 
ine graphs 365, 366 

inear geometry, molecules 128, 130, 169 
ipids 153 

iquefied petroleum gas (LPG) 426 
iquid column chromatography 155 


aboratory work see analytical techniques; experiments 


iquids 10, 13, 152 

ithium 191 

ithium-ion batteries 112, 439, 600 
itmus 538, 539 

ocants 272 

ogarithmic scale, graphs 367 
Lomonosov, Mikhail 470 

London (dispersion) forces (LDFs) 136, 139742).147, 148, 149, 
269, 432 

one pairs 127 

Lowry, Martin 538 

LPG see liquefied petroleum gas 
lysozyme, 3D structure of 223 


m/z ratio 29, 30, 31 
macromolecules 209 
magnesium 6 


boiling andmelting points 192 
nucleamsymbol notation 25 


magnesium.hydroxide 555 
magnesium iodide 204 
magnesium oxide 26 
magnesium sulfide 6 
magnetic field, Earth’s 35 
magnetite 69 

malleability, metals,189)190 
manganese 101 
Markovnikov's tule 647 


conservation of mass 470 

drying samples to a constant mass 326 
measurement of 72, 313 

mole unit 63-4, 66 

molecular mass 141 

subatomic particles 23 


mass concentration 74 

mass percentage 69 

mass spectra 29-32, 290-2 

mass spectrometry 29-32, 290-2 
materials science 197-227 


alloys 205-9 

aluminium chloride 204 
biodegradable materials 213, 215, 216 
bonding continuum 198-200 
brittleness 199 

corrosion 199 

elasticity 199 

green chemistry 216 
hydrogels 214-15 
magnesium iodide 204 
plasticity 199 

polymers 209-24 

product life cycle 208 

silicon 203 


mathematics 350-85 


experimental error, sources of 383-5 
graphs and tables 363-82 
SI units 350 
uncertainties 351-62 
matter 
changes of state 13-14, 15 
characteristics 4 
composition 3-12 
and energy 3-4 
observations of 37 
pure substances and mixtures 6-12 
states of matter 13-15 
Maxwell-Boltzmann energy distribution curves 493-4 
mean values, measurement 362 
measurement 
accuracy 311-12, 467 
concordant values 312 
decimal places 356-7 
decimal prefixes 64 
electric current 319 
electric potential difference 320 
electrical conductivity 319 
length 316 
mass 72, 313 
mean values 362 
pH of solution 318-19 
precision 311-12, 467 
reaction rate 482 
reactions 395 
reliability 312-13 
Sl units 15, 16, 66, 355 
significant figures 356-7 
standard solutions 77-8 
temperature 316-17, 351, 352 
time 315 
uncertainties 351=62 
error bars 369, 370 
expression of 355-6 
human reaction time 353 
instrument uncertainty 351-2 
mean values 362, 
propagationof 358-61 
randomerrors 354 
reaction mixtures 353 
value fluctuation 353 
validity 312+13 
volume 314-15 
Meitner, lise 28 
melting 5 
melting points 
and bonding type 198 
determination of 8, 330 
group | metals 191 
period 3 metals 192 
potassium halides 200 


silver halides 200 
straight-chain alkanes 268 
memory metals 206 
Mendeleev, Dmitri 231 
meniscus, and measurement 314, 315, 383 
metal oxides 241-3 
metallic bonds 95, 96, 187 
non-directionality 189 
strength of 191-3 
transition elements 193-4 
metallic-covalent bonding continuum 187, 201 
metallic structures 186-91 
ductility 189, 190 
electrical conductivity 190 
electrical, resistance 189 
malleability|89, 190 
properties 188-90, 198 
superconductors 189 
thermal conductivity 189, 190 
metalloids, periodic table 230 
metals 
boiling and melting points, group 1 metals 191 
combustion 42435 
electrical resistance 189 
flame tests 37 
oxidation 589-90 
periodicity 229, 230, 238-40 
product life cycle 208 
redox reactions 591 
standard electrode potentials 610 
see also alkali metals; transition elements 
methane 
boiling and melting points 268 
bond angle 129 
molecular formula 263 
radical substitution 624,625, 626 
structural formulas 263 
tetrahedral geometry 177 
Van der Waals parameters 84 
methanoic acid 150, 278 
methanol 276, 438-9, 526 
methylpropane 279, 526 
microbeads 216 
microplastics 216 
Milley-Urey experiment 268 
mirrors 188 
miscible liquids 10 
mitochondria 623 
mixtures 6-12 
alloys 205 
heterogeneous mixtures 488-9 
separation techniques 9-12, 326-9 
mnemonics 
OILRIG 582 
RED CAT 595 
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models/modelling 22, 46, 81, 347-8 


see also molecular models 


molar concentration (molarity) 73-5 
molar mass 66-7, 86-7, 463 
molar volume of an ideal gas 85-7 


mole ra 


io 68-9, 461-2, 468, 477, 481 


mole unit 63-4, 66, 72 


molecu 
molecu 


molecu 
molecu 


molecu 


Molina, 


ar formula 68, 70, 257 
ar geometry 127-31 
expanded octets 169-71 
and hybridization 179-80 
ar ion peak 291 
ar models 283-4, 303, 341, 348-9, 626 
es 
3D representation of 129, 259, 260 
electron deficient molecules 123 
intermolecular forces 138-50 
Lewis formulas 120-3 
mass 141 
molar mass 66-7 
mole unit 63-4, 66, 72 
orbital theory 176 
polarity 133-4 
polarizability of 141 
relative molecular mass 65, 66 
resonance structures 160-7 
temporary dipoles 139, 140 
Mario 161 


monomers 209 
monoprotic acids 547 
monosaccharides 224 
morphine 153 

multiple bonds 130 
multiplicity 300 

multistep reactions 496-9 


naming 


ofalcohols 276 

of alkanes 272 

of alkenesi274 

of amines,282 

of carbonyl groupcompounds 276-7 
of carboxylic acids 277 

of halogenoalkanes 275 

of ionic compounds.104—-5 
IUPAC nomenclature 271 
oftorganic compounds 271-8 
of oxyanions 245 

ineriodic table 245 
symbols 245 


nanotechnology 136 

natural abundance, isotopes 26, 27 
natural compounds 260 

natural polymers 209, 212 

net ionic equation 553 


neutralization reactions 241, 468, 537 
neutrons 20, 21, 23, 24-5 
nickel 
electron configuration 101 
mass spectrum 31 
nicotine 287 
nitrate ion 104 
nitrates, aqueous solubility 114 
nitrogen 95 
electron configuration 56-7 
Haber process 393 
ionization energy 246 
nitrogen dioxide 162 
nitrogen oxides 242 
nitrogen trichloride 121, 1/2 


NMR see nuclear magnetiaresonance spectroscopy, 


noble gases 

electron configurations 98, 99 

periodic table 230 
non-metal.oxides 241-3 
non-metals 

combustion 425 

periodic table 229 
non-Newtonian fluids 14 
non-polar solvents 112 
non-spontaneous reactions 442 
Northern Lights (aurora borealis) 35 
note-taking method 490 
nuclear charge 234 
nucleapfission 28 


nuclear magnetic resonance (NMR) spectroscopy 296-302 


nuclear reactors 28 

nuclear spin 297 

nuclear spin quantum number 296 
nuclear symbol notation 24-6 
nucleophiles 629, 637 

nucleophilic substitution 630 

in halogenoalkanes 639-42 
reaction rate 642 

nucleus, atomic 20-6 

nylon 220, 221 


octahedral geometry, molecules 170, 171 
octet rule 99, 120, 123 

oil industry 269 

oil paints 608 

OILRIG mnemonic 582 

open systems 387, 388 

opiates 153 

optical activity 286 

optical isomers 286-90 
optometry, redox reactions 583 
orbital diagrams 48-54 
organic chemistry 257 

organic compounds 


3D models of 259, 260 
classification 260, 281-2 
complete combustion 425-7 
formulas 257-9 
functional groups 260-78 
incomplete combustion 428 
naming 271-8 
oxidation 604-7 
reduction 607-8 
organic reaction mechanisms 622 
organic synthesis 648 
outliers, graph data 367 
overall reaction order 500 
oxidation 98, 580-5 
definitions 581-4 
electrolytic cells 603-4 
electron transfer 582 
half-equations 586-8 
hydrogen loss/gain 582 
metals 424, 589-90 
organic compounds 604-7 
oxidation state change 583-5 
oxygen gain/loss 581 
reactivity series 590, 592 
oxidation states (oxidation number) 98, 101, 243-5, 583-5 
acids 549 
transition elements 248-50 
variable oxidation states 248-50 
oxidizing agents 585, 589, 590 
oxoacids 547, 549 
oxyanions 245 
oxygen 
bonding 160 
covalent bonding 118 
empirical and molecularformula 68 
hybridization 179 
ionization energy 246 
oxygen-oxygen’ bonds 160, 161 
ozone 160, 161 
redox reactions 581 
ozone (diatomic oxygen) 160, 161 


p atomic orbitals 45, 47 

peblock elements 230, 

painkillers 153, 278 

paper chromatography.10, 11, 155, 156, 331 
parentacids 556 

parent bases 556 

pascahunit 81 

Pascal's triangle 301 

Pauli exclusion principle 48 

Pauling scale 102 

peak ratio 301 

peer-review process 630 

PEM see proton exchange membrane 


penicillamine 286, 287 
pentane 273 
boiling and melting points 142, 268 
molecular formula 263 
space-filling molecular model 142 
structural formulas 263 
peptide bonds 222 
percentage composition 69 
percentage uncertainty 355 
percentage yield 470 
period 3 elements 
acid-base properties 242 
properties 187 
period 3 metals, boiling and melting points 192 
periodic table/periodicity 229-55, 698 
acids 549 
alkalimetals 230 
alternative representations of 240 
atomic radii 232-3 
atomic volume 237 
blocks 229-31 
electron affinity 235-6 
electronegativity 236 
groups 229-31 
and lonie,charge 99 
ionic compounds 103-4 
ionic radii 233-4 
ionization energy 54-7, 234-5 
discontinuities in 246 
Mendeleev’s work on 231 
metal oxides 241-3 
metalloids 230 
metals 229, 230, 238-40 
naming conventions 245 
non-metal oxides 241-3 
non-metals 229 
oxidation states 243-5 
periods 229-31 
transition elements 
complexes 251-3 
properties 247-8 
variable oxidation states 248-50 
see also group | metals, boiling and melting points 
periods (periodic table) 229-31 
personal protective equipment (PPE) 309 
PET (polyethene terephthalate) 209 
petrochemical industry 269 
pH 
of buffer solutions 576-7 
measurement of 318-19 
pH curves 557-9 
of strong acids and strong bases 568 
of strong acids and weak bases 569-70 
of weak acids and strong bases 568-9 
of weak acids and weak bases 570-1 
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pH scale 543-4 

pharmaceutical drugs see drugs/medicines 
phases, reaction rate 488-9 

phenyl group 261 

phlogiston theory 426 

phosphate ion 104 

photochromic lenses 583 

photons 37, 40, 43 

pi bonds 174, 175-6 

pie charts 365, 366 

pipettes 314, 321 

placebo effect 555 

ane-polarized light, rotation of 289-90 
anetary model, atomic structure 21 


asticity 199 
astics 213 
bioplastics 216 

microplastics 216 
pollution issue 215-16 
plating 618 
platinum 247, 248 
“plum pudding” model, atomic structure 21 
pOH scale 560-1 
polar covalent bonds 132 
polar solvents 112 
polarity 


bond polarity 132 
molecular polarity 133-4 
polarization 595, 598, 632 
polarized light, rotation of 289-90 
polyamides 221 
polyatomic ions 104, 122 
polyatomic molecules 294 
poly(chloroethene) 218 
polyester 221 
polyethene 211 
polyethenerterephithalate (PET) 209 
poly(isoprene) (natural rubber) 211 
polymerization 209 
polymers 209-24 
addition polymers,.217-19 
condensation polymers 220=4 
and the environment 215-16 
examples of 211 
natural polymers.209, 212 
properties 212-13 
repeating units 209-11 
synthetigpolymers 209, 212-13 
polypeptides. 222 
polypropene 210, 218 
polyprotic acids 552 
polysaccharides 224 
polystyrene 213 


p 
p 
plant pigments, thin layer chromatography 159 
p 
p 


“pop” test, hydrogen 591 
positional isomers 279 
positive inductive effect 642 
potassium 
boiling and melting points 191 
electron orbital filling diagram 51 
potassium bromide 420 
potassium fluoride 104, 109 
potassium halides, melting points 200 
potassium permanganate 73, 76 
potential difference, measurementof 320 
potential of hydrogen 543 
PPE see personal protective equipment 
precipitate 114 
precipitation reactions 
aspirin produetion 472 
gravimetric analysis 473 
precision of measurements.311-12, 467 
prefixes, decimal64 
pressure 
equilibrium position 521 
pascal unit 81 
reaction rate 488 


pressure-volume relationships, gases 81-2, 83, 85, 87-91 


primary alcohols 
aqueous solubility 152 
combustion 398 
oxidation’604-6 
reduction 607 
primaryamines 261, 266 
primary compounds 281-2 
primary (voltaic) cell 338, 437, 596 
batteries 594, 598 
principal quantum number 40, 47, 230 
product life cycle 208, 477 
propagation 622, 625 
propanal 258 
propane 
boiling and melting points 150, 268 
intermolecular forces 150 
molecular formula 263 
structural formulas 258, 263 
propanoic acid 526 
propanone 258 
propene 258 
proteins 222 
proton acceptors 539 
proton donors 539 
proton exchange membrane (PEM) 437, 601 


proton nuclear magnetic resonance (H NMR) spectroscopy 


296-302 
high-resolution !H NMR 300-1 
low-resolution 'H NMR 297-9 
on transfer reactions 537-79 


= 
O 


p 


polyvinyl chloride (PVC) 218 acid-base equilibria in salt solutions 565-7 
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acid-base indicators 571-3 

acids and bases 
properties 546-52 
reactions 553-6 

heories 538-41 

weak acids and bases 561-5 
amphiprotic and amphoteric species 542 
buffer solutions 574-7 
conjugate acid-base pairs 541 
ionic product of water 545-6 
pH of buffer solutions 576-7 
pH curves 557-9, 567-71 
pOH scale 560-1 

protons 20, 21, 23, 24-5 

public understanding of science 440 

pure covalent bonds 132 

pure substances 6, 7 

PVC (polyvinyl chloride) 218 


quantization 40, 43 

quantum mechanical atomic model 43-6 
quantum numbers 40 

quartz 137 


racemic mixtures 289 

radical substitution reactions 624-6 

radicals 622-7 
formation 623-4 

Raman scattering effect 298 

random errors 354, 383, 385 

rate-concentration curve 503-4 

rate constant 500 

rate-determining step 497, 

rate equations 500-6 

rate of reaction 480-6 
average rate of reaction 481 
concentration effect 488, 491 
definition480 
experiments 509 
factorsiaffecting 488-9] 
heterogeneous mixtures 488-9 
homogeneousyreactions 489 
initial reaction rate 484,485 
instantaneous reaction rate 484-5, 486 
measurement 482 
overall rate of reaction 481, 483 
phases 488-9 
pressure effect 488 
surface area of reactants 489 
temperature effect 489 
units 486 

reaction coordinate 492 

reaction kinetics see kinetics 

reaction mechanism 496, 497 

reaction order 500 


graphical representations of 503-5 
reaction quotient 525-6 
reaction systems 387 
reaction yield 470-4 
reactions 4 
backward reactions 514, 522 
bimolecular reactions 496 
bond-breaking and bond-forming404—7 
energy cycles 404-23 
energy profiles 391-3 
energy transfers 387-90 
enthalpy change 387-403 
entropy 389, 442-7 
excess reactant 395, 463 
experimentalyield 471 
extentof alreaction 464 
forward reactions 514,522) 
Gibbs energy change 447-58 
Hess's law 408-11 
limiting reactant 395, 463-8 
metal oxides 241-2 
multistep reactions 496-9 
non-metal.oxides!241-2 
non-spontaneous reactions 442 
percentage yield 470 
reversible reactions 512-16, 520, 530 
spontaneous reactions 442 
entropy change 443 
Gibbs energy change 448 
temperature effect 453 
standard enthalpy change 394-401 
termolecular reactions 496-7 
theoretical yield 463, 471 
unimolecular reactions 496 
water 239 
see also electron sharing reactions; electron transfer 
reactions; electron-pair sharing reactions; endothermic 
reactions; exothermic reactions; kinetics; rate of reaction 
reactivity series 590, 591, 592, 610 
real gases 82-5, 139 
reasoning, types of 38 
rechargeable cells 437, 594, 598-602 
recrystallization 329 
recycling 
batteries 111 
metals 190, 208 
plastics 215 
RED CAT mnemonic 595 
redox reactions 424, 580-5 
acids 591 
electron transfer 594-7 
half-equations 586-8 
ionic compounds 98 
metals 591 
in optometry 583 
oxidizing agents 585, 589, 590 
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reducing agents 585, 589, 590, 608 
redox titration 335, 592-3 
reducing agents 585, 589, 590, 608 
reduction 98, 580-5 
alkenes 608-9 
alkynes 608-9 
definitions 581-4 
electrolytic cells 603-4 
electron transfer 582 
half-equations 586-8 
halogens 589 
hydrogen loss/gain 582 
organic compounds 607-8 
oxidation state change 583-5 
oxygen gain/loss 581 
reference plane 285 
referencing style, academic practice 311 
reflux 324, 605 
relative abundance of isotopes 29 
relative atomic charge 23 
relative atomic mass 23, 26, 27, 30, 31,65, 66 
relative molecular mass 65, 66 
relative (or fractional) uncertainty 356 
reliability of measurements 312-13 
renewable energy 433-6 
repeatability, experimental results 312 
repeating units, polymers 209-11 
reproducibility, experimental results 313 
residue 326 
resonance energy, benzene 165-6 
resonance structures 160-7 
benzene 162-7 
delocalization 162, 
retardation factor, chromatography 157-8 
retrosynthesis 648 
reverse osmosis, seawater 1] 
reversible reactions 530 
chromatée-diehromate equilibrium 520 
dynamic equilibrium 512-16 
Gibbs energy change 454-5 
RGB analyser, smartphones 342 
risk assessments, experiments 12)309 
Rohrer, Heinrich 23 
root names, alkanes 272 
rotary evaporation 328 
rubber 199, 211 
rulers 316 
rusting/rust prevention 199, 206 
Rutherfordynodel), atomic structure 20-1, 22 
Rydberg constant 40 


s atomic orbitals 44-7 
s-block elements 230 
safety, experiments 309-11 
salicylic acid 472 


salt bridge 595-6, 612 
salts 
acid-base equilibria 565-7 
parent acids and bases 556 
of strong acids and strong bases 565 
of strong acids and weak bases 565-6 
of weak acids and strong bases 566 
of weak acids and weak bases 56647, 
Saruhashi, Katsuko 526 
saturated hydrocarbons 262 
saturated solutions 514 
scale resolution, length measurement 316 
scandium 101, 250 
scanning tunnelling microscope (STM) 23 
scatter graphs 365, 366 
Schrödinger equation 43. 
scientific journals 630 
scientific knowledge.218 
falsifiability of 21, 426 
public understanding of 440 
sharing of 470 
scientific laws 444 
scientific models 22, 46, 8 
scientific theories 46, 539 
seawater 
carbon dioxide concentration 526 
reverse osmosis J 
secondary alcohols, oxidation 604, 605, 607 
secondary amines 266 
secondary,compounds 281-2 


secondary (rechargeable) cells 437, 594, 598-602 


seesaw geometry, molecules 169 
semiconductors 203 

Sensors 342 

separating funnel 329 

serial dilution 78, 323 

SHE see standard hydrogen electrode 
SI system, defining constants 355 
Sl units 15, 16, 66, 350, 355 
sigma bonds 174-5, 176 
significant figures, measurement 316, 356-7 
silicon 137, 203 

silicon dioxide (silica) 137 

silver chloride 204 

silver halides 200 

silver sulfide 104 

skeletal formula 163, 258 
smartphones 342, 598 

Sl reaction mechanism 641 

S\2 reaction mechanism 639-41 
snowflakes 146 

sodium 


boiling and melting points 191 
emission spectrum 36 
reactions 239, 582 
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successive ionization energies 59 
sodium carbonate 106, 473 
sodium chloride 
crystals 96 
dynamic equilibrium 514 
electrolysis 603, 617 
lattice enthalpy 204 
lattice structure 108 
mass concentration 74 
molar concentration 74 
sodium fluoride 109 
sodium hydroxide 616-17 
solids 13 
solubility 514 
and bonding type 198 
covalent substances 152 
ionic compounds 112-14 
solubility rules 114 
solute 72, 514 
solutions 72-8 
aqueous solutions 13, 72, 465, 616-18 
concentrated solutions 73 
dilute solutions 73 
pH measurement 318-19 
saturated/unsaturated solutions 514 
serial dilution 78, 323 
standard solutions 75, 76, 77-8, 321-3 
stock solutions 75 
solvation (dissolution) 11, 112 
solvent 72 
chromatography 155156, 158 
sp hybrid orbitals 178 
sp* hybrid orbitals 178 
sp? hybrid orbitals 177 
space-filling models 127, 341 
specific energy 432/440: 
specific heat capacity394-5 
spectatonions’553) 
spectrophotometers 339 
spectrophotometry 76, 339-40. 
speetroscopes,36, 37 
spectroscopy 
infrared spectroscopy 293-6 
proton nuglear magnetic resonance spectroscopy 
296-302 
spin resonance spectroscopy 296 
vibrational spectroscopy 293 
speed ofilight 39 
spin, electrons 48-50, 174 
spin resonance spectroscopy 296 
spin-spin.coupling 300 
spontaneous reactions 442 
entropy change 443 
Gibbs energy change 448-51 
temperature effect 453 
spreadsheets 343-5 


equilibrium concentrations, determination of 528-9 
functions/operators 344 
modelling 347-8 
square planar geometry, molecules 170 
square pyramidal geometry, molecules 170 
andard cell potential 611, 614, 615 
andard change in Gibbs energy see Gibbs energy Change 
andard electrode potential 610 
andard enthalpy change of combustion398, 412-17 
andard enthalpy change of formation 413=16, 419, 420 
andard enthalpy change*for ajreaction 394-401 
andard entropy change 445, 446 
andard entropy values 445, 446 
andard hydrogen electrode (SHE) 610, 612 
andard reduction potential 610 
andard solutions 75, 76, 77-8 
dilution technique 322-3 
preparation of 321-2 
starch212 
startingmolecules 632 
state function 389 
states of matter 13-15 
entropy change 443 
symbols 462 
steels 206, 207 
stereocentre (asymmetric centre) 286 
stereochemical formula 287-8 
stereoisomers:'284—-90 
cis-trans isomers 284-6 
stereospecific 640 
steric hindrance 641 
STM see scanning tunnelling microscope 
stock solutions 75 
stoichiometric coefficient 65, 461 
s 
s 
s 
s 
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‘oichiometry 461-2 
raight-chain alkanes 268, 269 
raight-chain alkenes 264 
rong acids 548 
pH curves 568, 569-70 
strong bases 558 
pH curves 568-9 
structural formula 258, 341 
structural isomers 273, 279-83 
chain isomers 279 
positional isomers 279 
primary, secondary and tertiary compounds 281-2 
sublimation 13, 15 
substituents 271, 272, 275, 551 
substitution reactions 
electrophilic substitution 648-9 
nucleophilic substitution 639-42 
reaction rate 642 
radical substitution 624-6 
sucrose 68 
sulfate ion 104, 173 
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sulfates 114 
sulfur 6 
sulfur dioxide 127, 242 
sulfur hexafluoride 167-8 
sulfuric acid 73, 425, 548 
Sun, absorption spectrum 40 
superconductors 189 
surface-active agents (surfactants) 152-3 
symbols 6 
hazard symbols 309 
naming conventions 245 
states of matter symbols 462 
synthetic polymers 209, 212-13 
systematic errors 383, 385, 395, 399 


T-shaped geometry, molecules 169 
tables (periodic table) 54 
tables, quantitative data 364-5 
see also charts; graphs 
tangent line 374, 484 
technology 342-9 
databases 345-6 
modelling 347-9 
and science 218 
sensors 342 
spreadsheets 343-5 
temperature 
equilibrium position 522-3 
gases 83, 85, 87-91, 139 
Gibbs energy change 455, 457-8 
and heat 389 
measurement 316-17, 351, 352 
reaction rate 489 
and spontaneous reactions 453 
temperature gradient 389 
temperature scales 15=1/7 
terminal position 276 
termination622,626 
termolecular reactions 496-7 
tertiary alcohols 60% 
tertiary amines 266 
tertiary,compounds 28172 
tests 
flame tests, metals 37 
“pop” test, hydrogen, 591 
Vickers hardnesstest 207 
tetrahedraligeometry, molecules 129, 130, 177 
tetravient 176 
theoreticalyield 463, 471 
theories, scientific 46, 539 
thermal conductivity/conductors 189, 190, 198 
thermal energy 389 
thermochemistry 390, 399 
thermodynamics 404 
second law of 444 


thermography 388 

thermometric titration 400 

Thiele tube 330 

thin layer chromatography (TLC) 157, 158-9, 331 


three-dimensional representation of molecules 129, 259, 260 


time, measurement of 315 
titanium 101 
titration 
acid-base titration 468, 557-9, 567473 
back titration 469 
end point 571 
experimental technique/apparatus 334-6 
half-equivalence point 569-71 
pH curves 557-8 
redox titration 335, 592-3 
of strong acidiwith strong base 572 
thermometric titration 400. 
of weak acid with strong base 572+3 
of weakibase with strong acid 573 
TLC see thinslayer chromatography 
total ionic equation 553 
transition elements 100-1] 
atomic orbitaLfilling 53, 55 
bonding 193 
complexes 251-3, 637 
coordination bonds 126 
electron configurations 101, 248 
oxidation’states 101, 248-50 
periodic table 230 
properties 247-8 
variable oxidation states 248-50 
transition range, acid-base indicators 571 
ransition state 493, 640 
triangular bonding diagrams 198, 201-5 
richloromethane 133 


rigonal planar geometry, molecules 128, 130 
rigonal pyramidal geometry, molecules 129 
riiodide ion 167-8 

riplets 300 

riprotic acids 547, 550 

ritium 26 

ungsten 194 


uncertainties, measurement 351-62 
absolute uncertainty 355 
decimal places 356-7 
error bars 369, 370 
expression of 355-6 
human reaction time 353 
instrument uncertainty 351-2 
least count 351 
mean values 362 
percentage uncertainty 355 
propagation of 358-61 


rigonal bypyramidal geometry, molecules 169-70, 171 


reaction mixtures 353 
relative (or fractional) uncertainty 356 
significant figures 356-7 
value fluctuation 353 
uncertainty principle, Heisenberg’s 43 
unimolecular reactions 496 
universal indicator 543 
unsaturated hydrocarbons 262 
unsaturated solutions 514 
uranium 28 


vacuum filtration 327 

valence bond theory 174, 176 

valence electrons 52 

valence shell electron pair repulsion model (VSEPR) 127-9, 131 
validity of measurements 312-13 

van Arkel-Ketelaar triangular bonding diagrams 198, 201-5 
van der Waals forces 147 

van der Waals parameters, gases 84 
vanadium 101 

vaporization 15 

variable oxidation states 248-50, 
variables, measurement of 311-20 
Vauquelin, Nicolas-Louis 193 

vernier caliper 317 

vibrational spectroscopy 293 

Vickers hardness test 207 

visible light, wavelengths 34, 35, 38, 39 
volatility 

and bonding type 198 
covalent substances 151 

ionic compounds 111 

Volta, Alessandro 594 

voltaic cell 338, 437, 596 

batteries 594, 598 

voltaic pile 338 

voltmeters 320 

volume 
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measurement of 314-15 

problem-solving 465 

volumetric analyses 314 

volumetric glassware32] 

VSEPR see valence shell electron |pair repulsion model 


Warner, John 475 
waste disposal, laboratory chemicals 309 
water, 
alkali metal reactions 239 
bondangle 129 
dissociation 545 
electrolysis 438 
electrophilic addition 634, 646 
empirical formula 68 
equilibrium constant 545 
heating curve graph 15 
heavy water 28 


hydrogen bonding 145-6 
intermolecular forces 138 
ionic product of water 545-6 
Lewis formula 121 
metal oxide reactions 241-2 
molecular formula 68 
molecular models 348, 349 
molecular polarity 133 
non-metal oxide reactions 241 
as nucleophile 629 
oxidation state 243 
percentage composition 69 
as polar solvent 112 
reduction 616 
reverse osmasis 11 
sodium reaction 239 
space-filling molecular,m@del 127 
states of.matter.13 
Vander Waals parameters 84 
see also aqueous solutions; hydrolysis 
wave functions, Schrédinger’s 44, 45 
wavelengths, electromagnetic radiation 34, 35, 39 
wavenumber 293 
wave-particle duality 43 
weak acids 549-50 
anions.552 
dissociation constant 561-5 
reversible ionization 530 
titration 572-3 
weak.bases 
dissociation constant 561-5 
pH curves 569-71 
reversible ionization 530 
titration 573 
work 389 


Xray diffraction 165 
xenon 84 
xenon trioxide 167-8 


Zewail, Anmed 499 
zinc 247, 590 
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noble gases 


p-block 


halogens 18 
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